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Punching Shear Behavior and Corrosion Resistance of Composite Si@lmlumn

Connectionsusing Hybrid BFRP and Steel RebarReinforcement

Kai Qian", M. ASCE Yun-Hao Weng., Shi-Lin Liang®, Feng FuF. ASCE*

Abstract

The collapse o€hamplain Towers South, Miami in 2025howsthat flat slabstructuresn
coastal regiorshow high risk ofbuilding collapse due to rebar corrosion. However, to daie,
studieshavebeen carried out to avottlesetypes of tragic event& new typeof hybrid steel bars
and basalt fiber reinforced polymer (BFRP) baaismforcementwill providea possiblesolution
due to their excellergrosion resistance featuréehus, in his study, an experimental study of
eightlarge scalecompositeslabcolumn connections is conducted to investigate the advantage
of partially replacing steel batsingequalstiffness BFRP bars to resist corrosidmvo normal
reinforced concrete (RC) slamlumn connections were first tested referencespecimens
togetherwith two corroded counterpartsaving a targetcorrosion degree of 20%. Then, two
compositeconnectionswvith hybrid rebarsvere tested to investigate thdvantage ofeplacing
half of the steel bars with BFRP bdrased onequaistiffnessrule. Finally, two composite
connectionswere reinforcedby hybrid rebar and the steel rebar was corroded witharget
corrosion degree of 20% to investigate the effectivenebylwid reinforcement tcompensate
the decrease in punching shessistancelue to corrosionThe test results demonstrated that the
RC slabcolumn connections with teihes reinforcement ratio of 0.52% and 0.91&ducedthe
punching shear resistanibg 19.7% to 24.3%vhen the reatorrosion degreeeachedl2.8% and
18.9%, respectivelyReplacement obteel rebar with BFRP bdollowing equaistiffnessrule
resulted inslightly greater load resistance but lower ductility energy dissipation capabity
punching shearesistancef the corrodedcompositeslabcolumn connections with hybrid bars

was greater than that of the corrodeshventionaRC slabcolumn connectionslo incorporate
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the rebar corraon effectsin design,the accuracy of the equatiofrem prevdent design codes
wasre-evaluategddesign recommendation was made.
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Introduction

Flat slabplatesystem is widely useith parking garagesffice, and residential buildingsecause
the absence afown stand beanenables clear story height and efficient space usddefailure
of flat slabplate systemmay be due to punching shear failure at the-stdbmn connections,
which is quite dangerousue to its brittle failure natur®©ncea punching shear failureccursat

one of the connectios, the force initially resisted by the column required to redistributed to

surrounding connections and resulted in greater bending moment and shear force at these

connection. Finally, the punching shear failure may also occur at these surrounding connections,
which leadgo a progressive collapsef the whole buildindWeng et al. 2020 As flat slab/plate

is normally built as basemergarking lot orservicing incoastal environmerdre exposed to
moisture, chlorides, andry-wet cycles In this contextsteelbar corrosions one of the major
concernghatmaylead to building collapse, such as the collapgb®@Champlain Towers South,
Miami in 2021 and partial collapse ofipers Row car park, Wolverhampton, UK
1997.Corrosiondeterioratesteel bar and concretas well ashe bond between steel bar and
concretethereby impairinghe stiffness and strength of structural meml¢€esrns et al. 2005

When the corrosion degree is greater than 2%, the decreésad strength, stiffness, and slip is
2
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considerablewhich can causabrittle failure(Auyeung et al. 2000Therefore, it immecessary to
explorethe adverseeffects ofrebarcorrosion onthe punching shearesistanceof slalzcolumn
connections

To date,few testshave been conducted investigate the effects of corrosion on structural
performance oflabcolumn connection®r two-way slabs Said and Hussein (2019a and b)
studied the perforance of tweway slabs with corrosion degrees of 0%, 15%, 2&8d,50% and
concluded thathe increasing corrosion degree resultechidecrease in the punching shear
resistanceand initial stiffnessalthough theenergyabsorption capacity and ductilitwere
increasedQian et al. (2022a and Investigatedheslalb-column connections wittargetcorrosion
degree of 10%, 20%, and 30% aeimonstratedhat compared with uncorroded stablumn
connectios, the failure mode of the corroded sleblumn connectionsight be changé from
flexural orflexural-shearfailure to punching shedailure. Moreoverthehorizontal cracksaused
by corrosionsignificantly decreasethe initial stiffness andpunching shearesistanceof the
connectionsOn the basis ddcritical shear crack theoffMuttoni 200§, a modified modedaking
into accoumt the corrosioneffects was proposed I§yian et al. (2022a)

To mitigate the detrimental influenseof corrosion, corrosiomesistantfiber reinforced
polymer (FRP) barsvereused to replace steel bars of stafumn connectiongHassan et al.
2013a and pLong and Marian 2013Aljazaeri et al. 2020Huang et al. 20205im and Frosch
2020. However, these studies replaced all steel bars by FRP bars completely based on equal area
rule. It is predictable thatf the steel bargiere completelyeplaced by FRP barslied on equal
arearule, the slabcolumn connectionmay performpoorly thanconventionalRC slabcolumn
connections because of the lower elastic modulus of FRRiassan et al. 2013a angLlmong
and Marian 2018 Therefore, taachieve similastiffness and load resistantee equalstifiness
replacementule was adopted in the current stubipwever, because of the low elastic modulus

of basalt fiber reinforced polymer (BFRBars the area of BFRP bashould beseveral times



81 than that okteel bars to achieve similar stiffnesich significantly increasereinforcement ratio

82 resulting in constructiortongestionand additional costsThus compared withthe complete

83 replacemenschemepartial replacemeitased on equatiffnessruleis more practidaHowever

84 to date/ittle relevantstudy waseported In this study,eightlarge scalecompositeslab-column

85 connectionswere tested to investigate the efficiency of proposed partial replacement rule and
86 corrosion effectdt should be noted that glass fiber reinforced polymer (GFRP) bars were not used
87 astheirlower stiffness and strength while carbon fiber reinforced polymer (CFRP) bars were not
88 used agheir much higher cost. BFRP bars were used in this study dtrestorelatively high

89 stiffnessandstrength, but much lower cost.

90 Experimental Study

91 Specimen and Material Properties

92 Fig. 1 showsthe geometry and reinforcing details of the specimé&haslabwas150 mmin

93 thickness an@,200 mmin both length and widthThe cross sectionf the columnstubwas 200

94 mmx 200 mm Based on thelabreinforcement ratio he test specimengerecategorizednto L-

95 and Hseries as listed in

96 Table 1. Thefirst letter, L or H indicates low or high reinforcement ratio of 0.52% and

97 0.91%, respectivelyEach series included fogpecimensthe numeral in thepecimemotation

98 represerd corrosion degreeThe secondletter S denots the specimens withequalstifiness

99 replacementAs illustrated inFig. 1, in Specimes L-S-0, L-S-21.1, H-S-0, andH-S-22.2 half of
100 the steel bans the zone highlighted by the red dashed linesereplaced by BFRP bafsllowing

101 equaistifinessrule. The area of BFRP barg, was determined byEq. 1 and the equivalent
102 reinforcement ratio of the hybriteel and BFRBars {/was calculated biq. 2. For Specimes

103 L-12.8 L-S-21.1 H-18.9 andH-S-22.2 the steel bars within therrosionzone(hatched zone)

104 were corroded to the target corrosion degree of P§%lectrified accelerated corrosiofhe

4



105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

dimension of thecorroded zone800 mmx 800 mm,was designed tensure the critical shear
crack (ifany) to bewithin the corroded zond he bottomsteel barof the slabweredesigned as
T10@260 for all specimen$10 indicatesa deformedsteel bar with 40-mm nominal diameter.
Based on uniaxial compression tests and splitting tdsts;ompressive and tensile strength of
concretecylindersis shown in

Table 1. Thematerial properties dhesteel and BFRP bars are listedlable 2 and shown

in Fig. 2.

A A 1)

y o @

o

Accelerated Corrosion

Fig. 3shows thalevice forelectrified accelerated corrosion. A tempor@ykwasfabricated
on the bottom surface of the specimens (top suifaaetual constructionswhich contained 5%
electrolyte NaCl solution. A stainlesteel gauze immersed in the solution and the steel bars within
the target zongvereconnected to the cathode and anode of a direct current (DC) power source,
respectively. The impressed constant current density was 0.6 rARased onEg. 3, the
required corroding time to achieve the target corrosion degree of 20% was 34 days.

zFm
VTR ©)

wheret is corroded timdin s); mis mass of corroded steel b&irs g); M is atomic weight of the
steelequal t056g; | is current ampere@n A); zis ionic charge (2 for Fe F€* +2e); andF is

) DU D G D\ { Vedurl @p3ysad @/eV



125 Test Setup and Instrumentation

126 Fig. 4 shows the test setuffhe specimensvere simply supportedlong four edgesA
127 concentrated load was applied to the top of the colstuinby a hydraulic jack witha loadng
128 capacity of 2000 kN.Displacementontrol loadingschemewas implementedA load cellwas
129 installedbelow the hydraulic jacko measure the applied laafls shown inFig. 5, six linear
130 variable differentiatransformers(LVDT s) wereinstalledto measure slab deflectiandoreover,
131 strain gauges were installed to the steel bars of uncorroded speciiesingata were collected at

132 asampling frequencgf 5 Hzduring theentire loadingprocess

133 TestResultsand Discussios

134  Corrosion Measurement

135 As shown inFig. 6, the corroded zone was divided into foegionsaccording tahe distance
136 of their outer boundarie® the column centeat an interval of 100 mm. Aftetesting four 400
137 mm-longsteel barsoriented irthefour different directionsyere extractedn other words, a total
138 of 16 samples were collected from each corroded specinaeh. liar washen cut into four 100
139 mmlongpieces, each corresponding to a corroded regibe.cbrrosion degree for each piece
140 wasthendeterminedn accordance witlEq. 4. As shown inFig. 6, themeasuredv in the four
141 regionsof L-12.8andH-18.9were generally lower thatime targetvalue This might be because
142 the current loss owing to the unavoidadddutionleakage from the bottom of thank However
143 themeasureav of L-S-21.1andH-S-22.2wasclose to the targeine Finally, the average over
144  regions2 and 3 was used to represent the corrosion degree of the specimens because punching
145 shear failure was expected to occur irstte/o regions Aslisted in

146 Tablel. thecorrosion degrees @f12.8 H-18.9 L-S-21.1, andH-S-22.2determined in this
147 mannemwerel2.8%, 18.9%, 21.1%, and 2.2%, respectively.

W, W

148 100 (%) 4

0



149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

whereW, andW arethe masssof asteel rebar beforand after theorrosion respectively

Crack Pattern andrailure Mode

Fig. 7 shows the crack pattern and failure mode of the specim@wedfrom slabbottom
(tension face)For corroded specimensuel to corrosion expansion, initigtacks alongthe
corroded steel bavgere observed before testing. The initial cragldenedwhen the applied load
reached about 30% of the ultim&®@dgiven inTable 3. For the uncorroded specimensetirst
crackoccurred at approximately 35% of the ultimate |0Htese cracks extended to the edges of
the specimenwith increasindoad.In thefinal, thecritical shear crackndcircumferential cracks
widened and resulted in the sudden drop in load resist@heemeasuredadiusof concrete cover
spallingRs, which is defined as the average radius measured in the bottom sifrdasgecimen
is summarizedn Table 3 andshown inFig. 7. In generalthe Rs of corroded specimens was larger
than that ofthe corresponding uncorroded specimens, which could be attributed toitiae
horizontal cracks along the steel bak#ter testing,the specimes reinforced with hybrid bars
werevertically cut along a column face to expose the inclined shear dhatksaused the failure
As shown irFig. 8, for theuncorrodedpecimeng -S-0 and HS-0, the diagonal cracksenetrated
the whole slab thickness directly. Differently, for corroded specime®®1.1andH-S-22.2 the
diagonal cracks penetrated the effective slab thickness anslenéer withthe initial horizontal
cracks, and then develepalong thehorizontal cracksThe formation of the horizontal cracks
wasmainly attributed to theorrosioninducedradial expansive stresst the steel bas (Weng et
al. 2023. The radius of the punching shear conich is defined as the distant®m the
intersections of the inclined cracks and the tension rébahe column centeof L-S-0, H-S-0,
L-S-21.1, andH-S-22.2 observed irFig. 8 was about 275 mm, 500 mm, 412 mm, and 525 mm,
respectively. The radius increased with increasing reinforcementiratii@ory, the radius should

be decreasedhen therebars were corroded, however, vice versa was observed.iB. This



173 may be attributed ttandomness in tesbecause the specimens were only cut along one column
174 face

175 Fig. 9 shows he response oftrack widthvs applied load In general, the crack width
176 increased linearly with the applied loadisitial cracks were found in the slabs of the corroded
177 specimensfter corrosion and removal of corrosion produ@tse initial crack width ot.-12.8

178 L-S-21.1 H-18.9 andH-S-22.2was 0.12 mm, 0.13 mm, @Inm, and 0.0 mm, respectively.

179 The crack of thecorroded specimenserewider thanthoseof the uncorroded specimens werd

180 the same applied load

181 Load-Displacement Cwes

182 Fig. 10 shows the load-displacementesponseof the specimensThe critical values are
183 summarizedn Table 3. ComparingFig. 10 (a) and (b) found that trgpecimens witta tension
184 reinforcement ratio of 0.91% achieved much higher initidingess than those with tension
185 reinforcement ratio of 0.52%ecreasinghe tension reinforcement ratio from 0.91% to 0.52%
186 led to a25.5%decreasen thepunching shearesistancéor uncorroded RC specimen&’hen the
187 rebaswere corrodeavith corrosion degree df2.8% and 18.9%thepunching sheaesistancef

188 L-0andH-0decreasebly 24.3% and19.76, respectivelyThe is because corrosion decreased the
189 area of steel bars and degraded the bond between concrete and stedidyamsching shear
190 resistancef L-S-0 and HS-0 was5.0% and 2.7%reater than that of-D and HO, respectively.
191 Therefore, adopting the eqestiffness replacementile slightly increased the punching shear
192 resistanceof the specimensompletelyreinforced withsteelbars.The initial stiffness of ES-0

193 and HS-0 was similar to that of 40 and H-0, respectively. However, with the increasing
194 displacementthe load resistance &f-S-0 and HS-0 was greater than that &0 and HO,

195 respectively, under the same displacem@éhis is because, befongelding of steel barthe
196 stresses of steel and BFRP baesesimilar under the same displacemduoe to equastiffness

197 However, the stiffness of steel bars significantly decreased once yielding occurred while the
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stiffness of BFRP did not change.. In this case, the increase of stress of steel bars is much slower
than that of BFRP bars. Therefptke increasetbad resistances mainly ascribed to thgreater
tensilestressof BFRP barghan that of yielded steel batdowever, because the actual corrosion
degree was much lower than 20%, the load resistanced @fdwas greater thatihat ofL-S-21.1

until the displacement reached 14.1 niinepunching sheatesistancef L-S-21.1andH-S-22.2

was only 10.0% and 2.4% lower than that € nd HO, respectively, andias 18.9% and 21.5%
higher than that of-12.8andH-18.9 respectivelylt should be noted thdhe actual corrosion
degrees oL-S-21.1 and H-S-22.2 was higher than that of.-12.8 and H-18.9 Therefore, the
effectiveness of the equsliffness replacemein resist corrosioshouldbe better under the same
corrosion degreeindicating that hie hybrid reinforcement undeequalstiffness replacement
schemecould effectively moderate the negativeffectsof rebar corrosion othe punching shear
resistancef slalzcolumn connectiondue to the corrosieavoidance capacity ehe BFRP bars

As shown inFig. 10, steel bar corrosion decreased the deformation capadiiy0difut increased

the deformation capacity ¢f-0, and so does the energy dissipation capaditgh is defined as

the area under the loatisplacement curve from beginning to failues shown irTable 3. The
hybrid reinforcementvith equalstiffness replacement scheme resulted in both lower deformation
capacity and energy dissipation capadifypreover,althoughL-S-21.1andH-S-22.2had similar
punching shearesistanceas L-0 and H-0, the deformation capacity and energy dissipation

capacity ofL-S-21.1andH-S-22.2weremuchlower thanthat ofL-0 andH-0, respectively.

Deflection of Specimens

Fig. 11 shows the deflectioshape of Specimens@andL-12.8 At the initial loading stage,
the deflection ofhe slab almodinearly decreased witincreasingdistance to the column center
However, at the ultimate stage, the deflection of the slab centeina@Esmased sharply and
nonlinearcompared withsurrounding measuring positions, demonstrating that punching shear
failure occurredSimilar results were measured for other specimens.

9



223 Analytical Study

224  |dentification of Failure Mode

225 Because the strain of the corroded steel bars was difficult to measure, it was necessary to
226 identify the failure mode of the specimemsalytically Therefore, thgield line method was used
227 to determinethe nominalflexural strengthof the specimengFpre), andthen theflexural strength
228 Fpre was compared withthe measuregunchingshearresistanceo judge the failure mode of
229 specimensAsillustrated inFig. 12, only positive yield linesvereassumedbecause the specimens
230 were simply supported he assumed positive yield lines consist of the yield liiee®lopedilong

231 the columnedgesandtheradialyield lines within thepolar axis To simplify the calculation, the
232 rectangular positive yield linemong the column edgegereconverted to circular positive yield
233 lines with the sam@erimeter In this context, the rotation of the circular fan was consistent.
234  Moreover the rectangulanybrid barzoneand corroded zone the slab centevereconverted to
235 circular zone with identical areasBased on the virtual work principl&gs. 5a to 5d were
236 obtained folL-0&H-0, L-12.8&H-18.9 L-S-0&H-S-0, andL-S-21.1& H-S-22.2 respectively, for

237 agivendisplacement

- G
42 tm, B8R pm)——5, 45
o R 1
° G
0(2 31mu c 2 '82 rl)n u,c 2 (R rz)m u) 1 (5b
o ’ ! R G.

238 FPre @ ®

[28m, 286 Hm, 48R oM, @ SR YnYS 69

o

o G .
1(2 31mu,h,c 2 '82 rl)n u,h,c 4 @ r?)m u (2 S )( rz)mu,Qﬁ ) (Sd,
1

239 whereFpe is thevirtual load; r1 andrz arethe radi of the converteaircle, asillustratedin Fig.
240 12, my, myc, My, andmyncare the nominal flexure strength of slab witlicorrodedsteel bars,
241 slabwith corrodedsteel barsslabwith uncorrodedhybrid bars, anglabwith corrodedhybrid
242  bars, respectively; is the angle of the four corners ofS and HS-series specimens with steel

243  bars only, ashe parts highlightetly yellow in Fig. 12b, whichwas assumed to I3©° (0.52 rad).
10



244 Based orntheworks ofPark and Paulay (200@nhdWight and MacGregor (2011the nominal
245  flexure strengtiper unit widthof the slabcan be calculated Hdyq. 6

m,  f,dQ 05¥ 1 f)

f d*(L 059 f, f
246 ?@TL,C c'yc 2( c'yc c) (6)
am, pfpd°@ 059 f, £)

Mpe  nefypnd@ 059 f. f)
247 where !, I, h, and lecis the tension steel bar ratio, corroded tension steel bar ratio, equivalent
248 tension bar ratio, and equivalent corroded tension bar ratio, respediivBly;fyn, andfyncis the
249 yield strength of uncorroded steel bar, corroded steel bar, equivalent yield strength of the hybrid
250 bar, and equizient yield strength of the corroded hybrid bar, respectj\ielyis calculated based
251 on the suggestion diVeng et al. (2023)d is the effective section deptlfy is the cylinder

252 compressive strength of concrete.

-, U1 witoo
253 o LE/E ! (7)
-4, LE,JE, !
f,. f, 1 1.24w /100
254 %@h fo YEJE, T, U U 8)
e T YEJSE, foo U

255 whereEs andEy indicatethe elastic modulus of steel bars and BFRP bars, respectively.

256 Table 3 lists the calculatepre. It was found thathe ratio of the measurgainching shear
257 resistancdo the predicted flexural resistan@é/Fpre) of L-0, L-12.8 L-S-0, L-S-21.1, H-0, H-
258 18.9 H-S0, andH-S-22.2was1.04 090, 0.71, 0.65,0.83 080, 0.58 and0.58 respectivelyThe
259 Vu/Fp of L-0 was greater than 1.@ndicating that this specimenreachedits nominal flexural
260 strength before punching shear. In other words, the failure modedoivasflexure-punching
261 sheaffailurewhile the rest of specimens failed by pure punching shear fallbhig can be proved

262 by the strain gauge results, as showfio 13. The strains of steel kmin the slab center were
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much greater than that of steel bars in the slab edge, and yielding of steel bars occurred in all

specimens except-B-0. As shown irFig. 13a, for L-0, the strains of steel bar at monitor points

6; WR 6; \LHOGHG DQG WKH VWUDLQ RI VWHHO EDU DW 6;

in Fig. 13(b to d), the strain of steel bar at SX3df0, L-S-0, and HS-0 did not yield and the

strain of steel bar at SX4 was qustaall

Comparison of Test Results withe Predictions of Code Equations

The measuregunching shearesistanceof the specimensvas compared with thelesign
formula from Chinese code, American codepdel code, andEuropeancode to evaluate the
accuracy of these codes to predictpoaching shearesistancef slakcolumn connections with
corroded steel bardybrid bars,and corrodedhybrid bars.Notable that lte Chinese code,
American code, and model codefine the critical sections as at a distadt&from the column
edges while th&uropearcode defines the critical section as the section wdthvay from the

column edges.

ChineseCode
According to he Chinese code, GB 50012015, the punching shearesistancé/cs of the

critical sectioncan becalculated witheq. 9.

Vg 0.7 £ U, d €)
. 1.2 -
Kmin 04 — ,0.5 10
T o
where  is afactorassociated witlslab thickness, 1.0 for slab thicknés$ PP DQG

h « ,000 mmfiis the axial tensile strength of concraigis thecritical sheaperimeter ho is the
effectiveslabdepth; sis theaspect ratidhe columnsection( ¢1); and .s is a factorassociated

with column positiontake40, 30, and 20 for interior, edge, and corner column, respectively.

IRU
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AmericanCode
Based ontte American Code, ACI 3189 (2019, the punching shear stressc) can be

calculated byeq. 11.

Q, min 0.17 1 %z) .00.083 o 03 ,o.3:£@0\/Tg (11)

EUNG °
sis the size effect factor@ 2/ 1 0.004d  d1.( LV WKH FRQF U Htaké1.03dd Q V L W\

normal concrete

Model Code

The Model Code 201Gib 2012 suggestgalculatingthe punching shearesistanceé/sin by

Eqg. 12.
Veao K/ Tlyd (12)
K=— > d06 (13)
| 15+0.%,ld

wherekdg is the aggregate size influence paramekgr, 34 16 d, t 0.7¢for the maximum

aggregate sizel, 16 mmandk,=1.0 for d, t16 mm; the slab rotatiori is calculated as:

15

f
d E myo

wherersis the location where the radial bending moment equals zero with respect to the support

axis; M, is the average moment per unit length in the support dtkp;is the average flexural
strength per unit length in the support sthpr internal column/TL, can be calculated as:

e il Bl

8 2 ~bs) (13)
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where€;; is the eccentricity of the resultant of shear forces with respect to the centroid of the basic

control perimeter;Veq is the shear force at punchinbs is the width of thesupport strip,

h=15r,r,,; Mgy is calculated as

) Ut,
My U, 0 (0 —=7) (16)
EuropeanCode
As suggested byne European cod&urocode 2CEN 2004, the punching shear stregse

of can becalculatedby Eq. 17.

Veey 018 1004F, "ty 0.03%2/f, (17)

min

wherek is thefactorconsidering size effeck 1 /200/d d 2.¢; ksis thetensionreinforcement

ratio, U | U, U0.02.

Comparison ofCalculatedL oad Resistance witiTestResults

The predicted punching shearesistanceaccading to the above codequationsis
summarizedn Table 4 andFig. 14. The averageatio of the measured value to the predicted value
was 0.9, 0.97, 1.3, and 106 for GB 50010(2015, ACI 318 (ACI 2019, Eurocode 2ACEN
2004, andModel coddfib 2012, respectivelyTherefore GB 500102015, ACI 318(ACI1 2019,
and Model codéfib 2012 couldwell predict thgounching sheaesistancef the specimenghile
the predidbns of Eurocode ZCEN 2004 were conservativet is worthwhile noting thathe
standard deviation (SD) and coefficient of variation (CV) of GB 57@025 and ACI 318 ACI
2019 werelarge i.e., 0.23 for bothThis was ascribed to the exclusion the contribution of
reinforcemenand therefore, the effects of variation of reinforcement could not be considérred
only focus on specimens with corroded steel bidus average ratio of the measured value to the

predicted value wa$.82, 0.79, 1.7, and 0.84 for GB 50010(2019, ACI 318 (ACI 2019,

14



325 Eurocode ACEN 2004, and Model codéfib 2012, respectivelyln addition, if only focus on
326 specimens withybrid corroded steel bars and BFRP bé#re,average ratio of the measured value
327 to the predicted value w&s98, 0.9, 1.32, andl1.15 for GB 50010(2015, ACI 318(ACI 2019,
328 Eurocode ACEN 2004, and Model codé€fib 2012, respectivelyTherefore, onlyEurocode 2
329 (CEN 2003 producel safepredictions for specimens with corrosion althouigls conservative
330 Asshown irFig. 14, generally, the calculated resultere locatedn the domain with a maximum
331 errorof 35%. All the predictedresults ofEurocode ZCEN 2004 werelower than the measured

332 onesregardless of corrosion of steel bars is considered or not

333 Punching Shear Resistance Critical Shear Crack Theory

334 The critical shear crack theory (CSQdrpposed byuttoni (2008)wasalsoadoptechereto
335 calculate the punching shaasistancef uncorrodedslal-column connectiongndthe modified
336 CSCT modified by Qian et al. (2022ajvas used to predict the punching shessistanceof
337 corrodedslal-column connectiondn the CSCT, both the loawtation relationship and the failure
338 criteriaare required to judge the ultimate stage of the-stdbbmn connectionshe punching shear

339 resistancé/r is obtained at the intersection of the two curassshown irFig. 15.

340 Load-Rotation Relationship
341 As suggested biyluttoni (2008) the loadrotation relationship of slabolumn connections

342  without shear reinforcement can be definedEly 18

o5 mT rrh~<"ry r0> El, T <Iﬁ rnoInr, > 8
343 \Y . (18)
fo e ElL "y (F 1) my (Fy 1) ELF (T Inr g
344 The meaning of thgparametersn Eq. 18 andthe correspondingalculated method can be

345 found inMuttoni (2008) whichis not presented herein for the sake of brief.

15



346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

Failure Criteria

Thesemtempirical failure criterion proposely Muttoni (2008)is shown inEq. 19, which
was modified byQian et al. (2022&p account for the effects of corrosiby introducing a factor
k associated with corrosion degmgeasshownin Eq. 20

V 3/4

; ' kld (19)
bod\/Tc 1 15~
dgo dg
1E  for w=0
(20)

%"0“‘”, for0 wd 30%

whereVr is the punchingshearresistancgh, is the control shear perimetesth d/2 from the
columnedge dyo is areferertial size equal to 16 mm; amy is the maximum aggregate siz#s
rotation of slab
Fig. 16 compares the predicted punching shearstancef the CSCT with measured ones

the punching sheaesistancef the uncorroded and corrodslthb-column connectionsraswell
predicted by the CSC{Muttoni 200§ and modified CSCTQian et al. 2022arespectively. The
maximum error was less than 10%hereforethe CSCT(Muttoni 200§ and modified CSCT
(Qian et al. 2022awerereliable methods to predict the punching shreaistancef uncorroded
and corroded slabolumn connections, respectivetggardless of hybrid baveereconsidered or

not.

Conclusion

An experimental study ofeight largescale slabcolumn connectionss conductedto
investigatethe efficiency of partially replacing steel balsyy BFRP bardased on equdatiffness
rule to resist corrosion. Moreoveain analytical study is performed to quantitatively identify the
failure mode of thespecimens antb evaluatethe accuracy of the equationspvalentdesign

codes and the critical shear crack theory to predict the punchingrebstancef slalcolumn
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392

connectionsBased on the experimental and analytical issigsults the main conclusions are
drawn below

1. Test results demonstratehat thepunching shearesistanceof the RC slalrolumn

connectionwith tension reinforcement ratios of 0.52% and 0.94é@¢rease by 19.7%

to 24.3%underthecorrosion degresof 13.0% and 17.6%, respectivelffollowingequal

stiffness replacementle, replacing partial of steel rebar by BFRP bars may increase the
load resistance but decrease the deformation capacity and energy dissipation capacity
slightly. The corrodedcompositeslab-column connectionseinforced byhybrid bars
achievel greater loadesistance but lower ductility than the corrod®@ slab-column

connections.

. Steel bar corrosion decreased the deformation capacihedlabcolumn connectios

with low reinforcement ratidut increased the deformation capacitythedf slalbcolumn
connection with high reinforcement ratibhe equalktiffness replacememtile resulted
in lower deformation capacity and energy dissipation capacity. In addition, whilst
corroded composite slabcolumn connectionsreinforced hybrid bars had similar
punching shearesistanceas uncorroded RC slabcolumn connectionsboth the
deformation capacity and energy dissipation capacitpwbdedcompositeslal-column
connectionseinforcedhybrid barswere lower tharthat ofuncorrodedRC slab-column

connections

. Analyticalwork indicated thaGB 50010(2015, ACI 318(ACI 2019, and Model code

(fib 2012 may overestimate thgunching shearesistanceof corrodedspecimens.
However, Eurocode 2(CEN 2004 could obtain conservativeresults regardless of
whethercorrosion of steel bansas consideredThe CSCT(Muttoni 2009 was reliable
to predict the punching shear resistance of uncorrodedcslabn connections

regardless of thewerereinforcedhybrid barsor not. The modifiedCSCT (Qian et al.
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20223 wasreliable to predict the punching sheasistanceof corrodedslab-column

connectionsegardless of thewyerereinforcedhybrid barsor not.
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Table 1. Specimen details
. Concrete streng Slab tensiomeinforcement Corrosion degree
. Size :

Specimen m) fe fi Reinforced s I h Target Measured

(MPa) (MPa) scheme (%) (%) (%) (%) (%)
L-0 43.7 3.0 Steel bar 0.52 \ 0.52 \ /
L-12.8 45.6 31 Steelbar 052 \ 0.52 20 12.8
L-S0 42.0 3.1 Hybridbar 0.26 1.04 0.52 \ /
L-S21.1 2 9%2.9%0 1! 40.5 3.0 Hybrid bar 0.26 1.04 0.52 20 211
H-0 ' ' 363 2.7 Steel bar 0.91 \ 0.91 \ /
H-18.9 411 2.9 Steel bar 0.91 \ 0.91 20 18.9
H-S0 41.9 3.0 Hybrid bar 0.46 1.84 0.91 \ /
H-S-22.2 41.5 3.0 Hybrid bar 0.46 1.84 0.91 20 22.2
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Note:fc andf: denote cylinder compressive strength and tensile strength of concrete, respekfivighgnd '
indicatesteel bar ratio, BFRP bar ratio, and hybrid bar ragspectively. Theln is obtained by convertii
BFRP bar to steel bar of the same stiffness.

460
461
462
463 Table 2 Material test results
Diameter Elastic Yield Tensile Elonaation
ltem (mm) modulus  strength  strength (0%)
(MPa) (MPa) (MPa)
Steel bar 10 216,000 567 717 15.0
12 201,000 532 695 22.1
12 47,000 1257 2.7
BFRPbar 48,000 1337 2.9
464
465
466 Table 3 Test results
Critical loads(kN) Dissipated :
Specimens Vul/Fpe  Rs energy Fa'llére
Voo Vi Fpe kNim)  MO%€
L-0 101 280 270 1.04 3.1 6,670 FP
L-12.8 / 212 238 0.90 3.7d 3,889 P
L-S0 107 294 412 071 4.4 3,544 P
L-S21.1 / 252 387 065 7.3d 5,278 P
H-0 128 376 452 0.83 2.ed 3,102 P
H-18.9 / 302 380 0.80 3.4d 5,096 P
H-S0 135 386 670 0.58 4.d 2,614 P
H-S-22.2 / 367 631 0.58 7.4 3,043 P
Note:Vcr andVy denote cracking strength and punching shear strength, respect
Fore indicatespredicted norminal flexural strengti¥P and P indicate flexure
gunc#ing failure and punching shear failure, respectivkiy;theeffectivesection
epth.
467 Table 4 Comparison of calculated load resistance with measured ones
* 0% $&, (XURFR( ORGHO ¢
6SHFL
! VGB Vy VACI Yy VCEN Vo Vfib V_u
N1 Ve N1 Vi N1 Veen N1 Vi
L-0 315 0.89 327 0.86 210 1.33 295 0.95
L-20 326 0.65 334 0.63 203 1.05 285 0.74
L-S0 320 0.92 321 0.92 221 1.33 248 1.19
L-S-20 315 0.80 315 0.80 209 1.21 233 1.08
H-0 284 1.33 298 1.26 238 1.58 334 1.13
H-20 305 0.99 318 0.95 232 1.30 326 0.93
H-S0 318 1.21 321 1.20 261 1.48 313 1.23
H-S-20 315 1.16 319 1.15 257 1.43 299 1.23
OHDQ
SD
CV
468
469

21



2200 X 11x190=2090

" 1000 TzOOT 1000 ; r - —
| o
o [ T10@260 20 '8@100 ] i
o i = J I ﬂ
L T12@190 — o g I
| 11x190 mm }
R d L-12. o
L-0and L-12.8 8 g
1000 ,200, 1000 .
1 T 1 i |
3 T10@260 T8@100 —— 800 EillE
| =120 } &
E}JE ’ﬂ.' ' = J I g 200
RSP =Y (BFRPC17 _ r—ha—Steel platel . ©
J 4x190 | 5x114 | 4x190 J rL Jﬂ;
L-S-0 and L-S-21.1 } 2200 |
470 Cross section Planview
471 @
2200 . , 20x105=2100 .
! 1000 ,200 1000 J ! , : .
T 1 : 1
T10@260 T8@100
prreese PR - : |
[ : ] J I l
L 110@105 = INNNEEN P[]
! 20x105 mm }
H-0 and H-18.9 S 8
© ~
1000 TZOOT 1000 ¢
0y Sy - ]
[rreexo  [METe R s B
X — J | gl T
I P =X (BFRPC17 1+ r":M/SteeI platerg,,j @
i 6x105 | 9x70 | 6x105 | 4 T i
H-S-0 and H-S-22.2 ! 2200 } )
472 Cross section Planview
473 (b)
474 Fig. 1 Details of the specimens: (a) specimens widibtension reinforcement ratimf 0.52%
475 (b) specimens witklabtension reinforcement ratmf 0.91%(the zone enveloped by the red
476 dashed line is reinforced with hybrid baifsany)
477
478 Fig. 2 Tensile sressstraincurveof steel bas andbars
479

22



480

481
482

483

484

485
486

487

DC Power
+ [ ‘ Wet sponge

CJ /5% NaCl solution
yrd

® Stainless steel gau

Fig. 3 Setup of electrifiedccelerated corrosion

Fig. 4 Test setup

23



100, , 4x200
11 SX1~-SX6
Fooc o< s —— = —
| -—— | |

X6~X1 3x150 | 2x200 |

,,////
'hotational axi

\
488 x  LVDT position x Strain gauge on reb:

489 Fig. 5 Layout of LVDTs andstrain gauges
490

491

492 Fig. 6 Corrosion degree distribution
493

494

24



495

496

497

498
499

lo H-§22.2

Fig. 7 Crack patterns and failure modes of the specirqiemsin decimetey
25



500

501

502
503

504
505

506
507
508

509
510

511
512
513

L-SO H-S0

L-S-21.1 Horizontal crack H-S-22.2 Horizontal crack

Fig. 8 Punching shear cone of the specim@mst in mm)

(@) (b)

Fig. 9 Relationslip between crack width and applied load: (a) specimens with low tension
reinforcement ratio; (b) specimens with high tension reinforcement ratio
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Fig. 10 Load-displacement curves: (a) specimens witBnsion reinforcement ratimf 0.52%
(b) specimens withtension reinforcement ratiaf 0.91%

26



514

515
516

517
518

519

520
521
522
523

524

(@ (b)

Fig. 11 Deflectionof specimens(a) L-0; (b) L-12.8

@ (b)

Fig. 12 Assumed yield line pattern: (RC specimens; (b) corrodéRiC specimensind
specimens with hybrid bars

27



525
526

527
528

529

530

531

532
533

@ (b)

(©) (d)
Fig. 13 Strainof steel bar(a) L-0; (b) HO; (c) L-S-0; (d) HS-0

Fig. 14 Comparison of calculatqalinching shear strengtt code equationwith measured ones

28



— — — Failure criteria
S Loadrotation curv
~ N
~
~
~ ~
VR ————————————— ~—

| _——

|

|

|

|

|

|

: >
534 R
535 Fig. 15 Loadrotation relationship and failure criteria of the CSCT
536
537

538 Fig. 16 Comparison opredictedounching shear strength thie CSCT with measured ones

29



