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The destruction caused by past earthquakes fiercdlgated that bearoolumn joints

(BCJs) are the most vulnerable amdtical zone of RC moment resisting frames. In the
past few decades, different strengthening techniques had been developed for strengthening
the shear defieit BCJs. In the present research wainle, effectiveness of UHPFRC jacket

as a seismic strengthag solution for the damaged and undamaged extegiaforced
concrete (RCBCJshaving deficiencies in resisting the seismic act@s experimentally
studied and verified by generating the Amear finite element models. The entire test
matrix compried ofseven 1/3 scale exterior BGUb-assemblies with no stirrups in their

joint region. The experimental work had been divided into two parts ajdposige
repairing b) predamage strengthening. The former set consisted of three damaged exterior
BCJs wth different column axial loa(CAL). These specimens were repaired \&i8®mm

layer of UHPFRC and retested under monotonic loadingeffloeencyof UHPFRC jacket

was analyzed by evaluatinige loaddisplacementesponse, max load carrying capacity,
enggy dissipation capacity, stiffness characteristics and comparison had been done with
the corresponding values of the specimen in the virgin state. The second set comprised of
four undamaged exterior BCJs. One of which was subjected to seismic excittiout w

strengthening inits asbuilt condition and consideredis the control specimef.wo
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differentmethodaused for strengtheningpnsisted ofi) sandblasting theormal concrete
substratesurface of BCJs and 4situ casting ofa 30 mm thick UPFRCjacket andii)
bonding30 mm thick prefabricated URFRC plates t@eismicallydeficiert BCJ using
epoxy resins and special filler$he performanceof UHPFRC jacketing in upgrading the
BCJs was experimentally evaluate under reverse cyclic loading usimisplacement
control approachkeepingcolumn axial load CAL) constant atLl50 kN. The results of
upgraded BCJs included load carrying capacity, strength degradation, stiffness
degradation, energy absorption and displacement ductility had been compared with the
corresponding values of the control specimBme analysis of test resubkbowed that the

first method ofstrengtheningvashighly effective interms ofshearcapacity deformation
capacity, stiffness characteristics and energy dissipation capasitgorpared to the
second method. di+linear finite element modeisere developed using ABAQUS, which

generated the results matching well with tbspectiveexperimental results.
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CHAPTER 1

INTRODUCTION

1.1 Prologue

Thereinforcedconcrete (RC) exteriodpeamcolumnjoints BCJ9 with a deficiency
in resisting sheahave been identified as the vulnerable and critical zone of RC frame
structures when they are subjected to the large cyclic llddads (i.e., seismic loading)
During the large seismic activity, the BCJ region is subjected to very high shear stresses as
compared tahe adjoining structural members. These joint shear stresses and the axial
stresses in a column leadtt® developmet of principal tensile and compressive stresses
in the joint core, whichresuls in the formation ofdiagonal cracking and crushing of
concrete in the joint regiomn this way, jointsbehave likethe stress concentration ptsn
in RC framesTherefore, B Jshould be designed for shear stresses to maintain the overall
integrity and stability of the structur@&/orldwide it is found thathe majority of RC frame
buildingswered e si gned bef ore the adv e mandtherefors ei s mi
suchstructures with design deficienciesspond inadequately to lateral loads unithe
action of seismic forcesThe first seismic design code was developed by ACI 352

commitee in 1976L].

Buildings constructed in between 1940 and 1970, have major deifeitits BCJ region.

The major defects that will cause the BCJ failure are: 1) Insufficient or no reinforcement



in the joint panels, which is the potential plastic region, will lead to joint shear failure and
this type ¢ failure is the brittle in naturaesult in the failure of the structurglobally, as
shown in Figure 4l(a) 2) Large spacing between column ties that provide the little
confinement to the concrete; 3) discontinues beam bottom reinforcement with short
embedment length and the use of smoaits in transverse and longitudinal reinforcement
result into the bond and anchorage failure at joint, as showkigare 11(b); 4)
construction joint above and below the beam; 5) lapped splices of column reinforceme
just above the floor levgl]. These problems have been identified by the destruction caused

by the catastrophic earthquakes irfetént regions of the world.

(b)
Figure 1-1 (a) Joint Shear Failure and (b) Anchorage Failurg3]

In addition to thatthe damage was also @pged in so called modern construction RC
buildings during the postathquake field investigation of dstEarthquake 201#]. The

majority of buildings were built after the development of seismic design codes.

1.2 Motivation

Postearthquake field investigation of different earthquakes like Ecuador Earthquake (16
April 2016), Kathmandu and Gorkha Earthquake in Nepal (25 April 2015), Van

2



Earthquake in Turkey (23 October 2011), The Abruzzo Earthquake in [taipi@ 2009)

and Wenchuan earthquake in China (12 May 2008) fiercely indicated that the st of
RC buildings were not able to sustain the ground motion and most of the buildings were
constructed after the development of seismic design codese&tisjuake @nnaissance

team reported that BCJ failure of the RC framed structures was mainly due to lack of

transverse reinforcemeand inadequate confinementjoint core

Three story RC frame structure collapsed partially wdregarthquake struck Ecuador due

to BCJ failureas shown irFigure 1-2. Nepal experienceapowerful earthquake in Gorkha

and Kathmandu. Investigation team reported soft story collapse of RC building in Sitapaila,
Kathmandu. They observed that no stirrups were provid#te joint regionas shown in
Figure 1-3. Several BCJ failusewhich resulted irthe collapse othe structure hadbeen

found by Serra Zerrin Korkmaz after Van Earthkgisstruck Turkey,as shown in
Figure 1-4. Approximately, 2000 RC buildings had bestfected dued Van Earthquake.

BCJ failure in FC frame structures resultedercessive drift or collapse of buildindg®ost
earthquake investigation showed thia¢se buildings were eitheollapsed or damaged

beyond their repair.

Figure 1-2 Collapse of three story RC frame structure due to BCJ Failurgb]






c) d)
Figure 1-4 Several BCJ Failure during Van Earthquake Turkey4]

Many research works have been devatadentifying the critical facts of noseismically
designed buildings and the methadstrengthening of such buildingBhe strengthening
of nonseismicallydesigned joints in the seisnacea is the challenging fielACl 352-02
recommends that the shear deficient joist®uld be upgraded and strengthenied

enhancing the effective chnement or by increasing the shear strerjgth

1.3 Seismicity of Kingdom

The Arabian plate hosts many countries like Saudi Arabia, Bahrain, The United Arab
Emirates, Yemen, Oman, Jordan, Syaiad Kuwait About 25 million yeargago, the rocks

that constitute the Arabian Peninsula, began to isolate Afoitan Continent resulted in

the formatiam of Arabian Plat¢8] and since then the Arabian Plate has been moving toward

the EurasiafPlate. The major part of Arabian platenscsts of the Arabian Peninsula

Seismicity in this regio is controlled by the contact the Arabian Plate with the Eurasian

Plate along Bitlis Suture arthgros Thrust, rifting and skaor extending in thé&kedSea
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and the Gulf of Aden and strilgdip faults along the Dead Sea Transform Fault and the

Gulf of Agaba as shown irFigure 1-5.
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Figure 1-5 Simplified map of Arabian Plate, with plate boundarie$8]

According toSaud Geological Survey (SGS}he most active seismic areaalong the
Gulf of Agaba Themain threato Kingdom regarding seismic activity is fraime Gulf of
Agaba as thevarious numbeof earthquakes struck the Gulf of Agaba in 1983, 1990,

1993, 1995 and 2004.

Along the Zagre Fold Belt, severe earthquak&fsmagnitude greater than five are very
common due tahe collision between the Arabian Plate andr&sian Plate. The seismic

wavelasts for 3 to 18econds, whicls a potentialtireat to engineering structur&ue to



strategic development projects and new urban society in the southwestemAsakald
andSouthern Red Sea Region, this area has got attergandingseismic hazards. Most
of the earthquakes occurred alorw taxial trough of the Red Sea armlrf severe

earthquakes occurred away franf9].

An earthquakef magnitudeb.4, recorded by Saudseological Survey (SGSktruck the
town of Al-Eis. The town is about 40 km from the city of Madinah. This earthquake caused

structural damage and destroyed the infrastrufdQfe

The responsibility of maintaining and monitoring the seismic activity in Saudi Arabia and
surrounding area was assignedSGS andSaudi Cabinet madenis decisionas perthe
council of ministers decish number 28. SGS has centers affiliated wkKing Abdul Aziz

City for Science and Technology, King Abdul Aziz University, King Saud University and

King Fahd University of Petroleum and Minerals.

Recent earthquake events in moderate seismic areas of/abdihave led to concern
the safety of the RC frame structures having deficiencies in resisting the seismic action and

designed only for gravity loadSuch buildings should be strengthened.

1.4 Need for Research

Several techniques have bemported in he literaturefor the strengthening of RC
elements. Some of the conventional methods of strengthening and retrofitting-of non
seismically detailed joints reported between 1975 and 2003 are epoxyneapava) and
replacement, reinforced concrete jackgtithe addition of fiber reinforced polymer

composites and external steelementd1]. Recently, several novel techniques for the



strengthening or repairing of BCJs have been reported includingeplagring of non
seismically detailed BCJs usirgpncrete cover together with CFRP jacketgnding
application of renforced sheet (MARS System),aanid fiber retofitting system (AFR
system)12], strain hardening cementitious composites (SHCC) reinforced with CFRP,
combination of GFRP sheet and steel cafgsp-cement jackets, steel cages consist of

steel angles and battens, steel prop and prefabricated hybrid composij@(&t€s

Some of these techniques are lalmensive and require a different level of artful
detailing, cost, disruption of building occupancy in terms of considerable loss of floor space
and limited range of applicabilith major shortcoming of CFRRmminates is its premature
brittle failure due to debonding. Mechanical anchonags provided to fully utilize the
strengthening potential of CFRP laminates, by avoiding the premature failure. The
perforations in the concrete for anchoring the FRP sheetslamage the test units and
anchorage zone becomes the stress concentration zone will lead to premature failure.
Moreover, the strength degradation of epoxy adhesive used to apply the FRP laminates
under high temperature makes them poor fire resiatadthe longterm durability of FRP
remains a matter of great conceHowever, strengthening with steel elements suffered
from various difficulties such as handling of heavy elements, corrosion, shear failure and

requirement of theuttjoint in limited spae.

One of the maimecentdevelopmergin concrete technology the inception ofiltra-high
performance fiber reinforced concre(f)HPFRQ. Recently, Martinola et al.[13]
developed state of the art techniquetfa strengthening of RC beams involves thsiin

casting of & mm thickhigh-performance fiber reinforced concrete fHEC) jacket In



order to overcome thabovementionedissues andshatcomings the nonseismically

designedoint will be repaired andtrengthened bysing the UHPFR@acket

1.5 Research Objectives

The primaryobjective of this research is &xplorethe effectiveness and efficiency of
UHPFRC jacket in repairing and strengting the structural and design deficient exterior
BCJs which is subjected to cyclic excitationhis study involves the experimental
evaluation of hysteresis response, maximsatrength stiffness degradation, energy

dissipation and displacement ductilaf upgraded BCJS he particular objectives are

1. To evaluate the seismic response of seismically dafidamagedBCJs repaired
with UHPFRC jacket.

2. To evaluatethe seismic response of seismically defiti undamagedBCJs
strengthenetdy using UHPFRC jaket.

3. To assess the efficiency of state of the art strengthenahoiguesin terms of their
load-displacement responsgtrength degradation, deformation capactyffness
characteristicegnergy dissipationapacityand displacememiuctility andcompae
with the corresponding values of reference unit.

4. To develop a reliable and practically applicable rehabilitation techniquindor
upgradatiorof nonseismically designed BGJ

5. Development and validation of FE model of BCJ-asbemblies strengthenetth

UHPFRC using experimental results.



CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

Because of destruction caused by earthquakes in the past few decades, RC frame structures,
subassemblages and their response when subjected to reverse cyclic deformagons hav
been the concern of various research projects-d2oiquake investigations showed that

BCJs in IC frame structures are fragile componentsen subjected to serious seismic
shocks. The overall ductility of the structure is governed by the responselJsiiBder

cyclic loading The brittle shear failure of BCJ results into the global failure of the structure
even though all other structural members are conforming to the design requiregksents.
described earlier, the damage has also been observed inlB@gsuconstructed after the
development of seismic codes. All structuttesst were designed according to GDL before

or after the development of seisaudented design codes should be upgraded or

strengthened as recommended by international codes.

This chapter aims at

1. lllustrating the different strengthening methods of strengthening the seismically
deficit BCJs.
2. Development of UHPFRC and Material properties of UHPFRC.

3. Application of UHPFRC in strengthening different structural elements.
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2.2 Recent studies orstrengthening techniques of BCJs

Different method of strengtheningare reviewedwith emphasis on theieffectiveness,
performance regardingoaddisplacement response, stiffness degradation, energy
dissipation and displacement ductility which are thenprbuilding blocks of advanced

seismic design codes.

Saleh et al( 2010)[14] studied the seismic response of FBpgraded exterior BCJs. The
total experimental matrix consisted 4fseismically defi¢i BCJssubassemblagesOf
these two specimens were strengthened V@RRP using two different schrees. In the
first scheme, CFRP wavrapped with epoxy on joint, beam and column portasshan

in Figure 21, while in the second schem€FRP sheet was epoxy bonded on the joint
region only andhe author introduced the wt@anical anchorages in order to provide the
prevention against any possible-lsending of CFRP fim substrate (labeleasES1 and
ES2)as shown irFigure 22. The remaining two specimens were the control one (labeled
asEC1 and EC2). Once damaged, repaihean under thabovementionedschemes after
filling the cracks with epoxy (labeleasER1 and ER2). All specimens have same geometry
and reinforcement detailing. All specimen were subjecteduersecyclic loading.Ilt was
reported that the peddad fa EC1 and EC2 was 47.08lkand45.8 KN respectiely. These
values become 62.34 kN and 58.1M for ES1 and ES2 specimens ahe peak load
reached to 81.79 kN and 58.68I Kor ER1 and ER2 specimens. Results showed the
enhancement in the peak load valueteragtrengthening and repairing of specimens.
Stiffness degradation data showed that for schemeh#&linitial stiffness of retrofitted

specimen was higher than tteferencespecimens, while ifcheme#2, these values we

11



lower than their respected cauit specimen becausgin Scheme #1 beam, column and
joint werewrapped with CFRP. However, in Scheme #2 only joint portion is upgraded
with CFRP. The displacement ductility of ES1, ES2, ER1 and ER2 was increased up to

34%, 11.4%, 39% and 61 % respectivilgin their respected control specimen.

Top Box ———f

-
(1) Layer of CFRP Sheet all around the R/C Slab

Column Section 30¢cm
(Length =105¢m & Width =30 ¢cm)

m r
E‘ N
(1) Layer of CFRP Sheet all around the 30 end
Column Section R/C Beam  Rigid Beam

(Length = 105 ecm & Width = 30 cm) -
R/C Column ———

——

Top Box —

R/C Column (1) Layer U-Wrap of CFRP Sheet around
the Joint (Length = 96 em & Width = 29
cm) . .

/—Slccl Plate cach side (29 x 10 x 1 ¢m)

z L £

e/

e | ]

R/C Beam Rigid Beam End

P ©

3 Through Bolts
(L =30 cm & Dia. = 20 mm)

[— ]

Figure 2-2 Schematic representation of Scheme #[24]
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Kazemet al (2011)]15] experimentally investigated the performance of dzedaRC

exterior BCJ specimens repaired with steel elements including steel prop and curb. In this
research work, different RC frames had been inspected and found out that their beam
depths were less than the required depths based on the guidelines grgwden codes

which resulted into the increasing drift under lateral l@adbkincreasing vertical deflection
against gravity loads'he author investigated that this method of retrofitting was suitable

for such deficit frames. For this purpose, taif-scaleexterior BCJdabeledasSC1 and

SC2 used as reference specimens. Specimen SC2 had standard beam height. However,
specimen SC1 had reduced beam height. These specimens were tested under reversed
cyclic loading. Once damaged, repaired with the sgpeof concrete and then retrofitted

with steel elements. These repairgpecimen are designated as RSC1 and RSC2.
Retrofitted schemesf these specimerare shown irFigure 2-3. The results showed that

the average increase in the ultimate strength etiegen RSC1 relative to its control
specimen was 86% and for specimen RSC2 this value reached to Tbhé&%ltimate

rigidity of control specimens SC1 and SC2 were 0.17 and 0.19. Byptlheadationof

these specimens, the rigidity of these specimens imetdeap to 88% and 252% for the
specimens RSC1 and RSC2 respectively. The author found that energy absorption of
repaired specimeanwas more relative to control specimen because of no degradation
during reversed cyclic loading, higher beartoapacity andreduction in the pinching of
hysteresis loops. With the reduction in theand &eight at the joint, energy dissipation

was reduced up to 26% and 44% for the control and retrofitted specimens.

13
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Figure 2-3 Pictorial view of retrofitted specimens RSC1 and RSCRL5]

Li et. al (2012)[16] proposed a method of strengthening the interior BCJs usirkgrro-

cement jackets with embedded diagonal reinforcement. €em@nt consistef mortar

and wire mesh wagsed as the concrete covéhis experimental program includes four

2/39 scale interior BCJs. One of them is control speciamehother three specimens were

strengthened withrerro-cement. All bur specimens were tested undgclic loading.
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Three different kindnortar were used iRerro-cement jacketing includingementitious
mortar, cemensandmortar, andepoxybasedmnortar. The concrete cover in the joint area
and plastic hinge zone was replaced Aghro-cement. Before & application, the surface

of concrete was made rough for proper bonding between substrate and Tiner&rmm
Ferro.cement layer was applied for retrofitting contained properly folded two layers of wire
mesh.The ferro-cementjacket was extended 300 minom the joint region to the beam
and column, which was equal least dimension athe memberas shown irFigure 24.

The retrofitting solution improved thétimate load carrying capacity. Experimental results
showed improvement in ductility. The increas the displacement ductility was 17%, 28%
and 34% for the specimens S, and S3 respectively. Epoxy based mortar showed the
best performance against seismic shocks. With the increase in the streragtio-oement
jacket, the energy dissipation cajig increased. At the initial stages, strengthened
specimenshowed larger stiffness. The author recommended high strengtiarnfior
achieving hgh load carrying capacity, stiffness, energy dissipation and large displacement

ductility.

Wire mesh
Ferrocement

Figure 2-4 Rehabilitation Scheme[16]
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Hadi et al (2013) [17] studied the cylc performance of two exteriof-connection
strengthened and repaired with segmental circular concrete covers with CFRP jackets. The
first specimen was glued to these segmental concrete cover to convert the square joint area
to circular section and then it was strengthened with CFRP wigappsignated as TShe
formwork used to castoncrete covers is shown igure 25. The second specimen was
tested first before strengthening it. A load was applied to cause serious damage and later
on specimen was repaired usagegmentatoncrete cogr with CFRP jackets desigea

as TR as shown iAgure 26. Both specimens wetested undetyclic loading. The author
reported that segmental concrete cover not enlyancd the performance of CFRP but

also helgdin resisting the shear loads and wextkas one unit with substrate concrete. The
possibility of debonding of CFRP had been reduced due to modified circular section.
Around the joints, the efficiency of CFRP reached a value of 32.4%. The performance of
specimen TS is better (20 % in energysibation and 10% in maximum shear load) than

TR specimen. This was attributed to lgiag of beam reinforcementoncrete cracks
whichwerefilled with epoxy could not resterthe full strength of concrete and the contact

between reinforcement and conerebuld not restore.

Figure 2-5 Formwork for segmentalconcretecover [17]
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Roberto etl. (2013)[18] experimentally evaluated the seismic performance of RC BCJs
with inadewgate seismic details strengthened with FRP systems. The complete
experimental program consisted offl-scalespecimens subjected to reversed cyclic

loading at beam tip and keeping AL equal to 300 K. Out of these eight specimens,
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Figure 2-6 Repairing Procesq17]
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six were strengthmeed with FRP by using different schemes. Of these, two specweeas

controled one.The complete experimental work consisted of two sets. Each set consisted
of one control specimen and three specimens were upgraded with FRP. These control

specimens haveame geometry but different amount of longitudinal steel reinforcement in

beam and column ensuring weak column but strongejjair@rensuring joint failure (Type

1) and strong column connection (Typeds shown ifFigure 27.
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Figure 2-7 Reinforcement detailing ofspecimens Type 1 and Type[28]

Each set contained three strengthened specimens with différemgthening schemes
shown inFigure 28. The control specimens after damaging wadse repaired/retrofitted
and tested again under cyclic loading. One of the strengtlspeethers once damaged,

repaired it again and {tested. The description of specimémngiven inTable2-1.

Table 2-1 Description of Specimens

Set No. Control Specimen Strengthened Specimen SRepqwed
pecimen
Se 1 JOo1 J02,J03 J04 JOXR, JO2R
Set 2 JO5 Joe6, J07, JO8 JO5R

To avoid FRP delamination, FRP scheme was properly designed as for specimen J02. As
a resulf FRP delamination was delayed and with fully design FRP pattern, failure can be

shifted to beamsafor the specimen J04. Strength and ductility had been increased 72%
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and 98% over the control specimen (Type 1). For Type 2 specimen, the experimental
results showed that CFRP wrappindtegjoint was sufficient to avoid premature column
failure. Two diferent schemes of CFRP were used for this set. It was reported that X shape
confinement and two vertical sheets on the joint exterior face was sufficient for providing
efficient results. The experimental results of repaired specimerR,JO02R and JO5R

showed the restoration of strength and prominent increase in the ductility of original

members.
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Figure 2-8 Retrofitting schemes proposed by Roberto et aJ18]
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Esmaeekt al. (2014)[19] repaired theseverelydamagedull-scaleinterior BCJs using
strain hardening cementitiow®@mposites (SHCC) reinforced with CFRP. The concrete
cover in the joint area ofhe specimenwas removed and replaced by SHCC. Self
compacting SHCC layer was reinforced with CFRP laminates. Two different schemes of
CFRP laminates were used to retrofit tteanaged specimen. In scheme #1, the CFRP
laminates were applied on front and back facethetpecimendesignated as JPAI.

While in Scheme #2 all four side§joints were strengthened, designated asRPBhese
retrofitting schemes are shown kigure 29. These specimens were subjectedeiterse

cyclic loading. The baddisplacementresponse showed that the lateral load carrying
capacity has been restored. JRBpecimen dissipated more energy than JRA&nd
hence more effective. At 4% of drift?’A3-R could dissipate only 44.4Nkm cumulative
energy which was 5% more than the corresponding value in the virgin state. However,
cumulative dissipated energy of HRBwas 53.&«N-m showing an increment of 95% in
comparison withthespecimenn undamagedondition.JPA3R had higher secant stiffness
ascomparé to specimen JPA3 between the drift of 0.13% and 1.67%. Later on, secant
stiffness of JPAR and JPA3 was almost similar. For Scheme #2, after 0.13% drift value
results showed a slower degradationsétant stiffness than its undamaged specimen.

Hence Scheme #2 was more effective.

Column’

Figure 2-9 Pictorial view of retrofitted specimens[19]
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Campione et al(2014)[20] experimentally evaluated the effectiveness of steel cages in

retrofitting the RC frames haracterized by weak column argtrong beam and

transforming thenmto a strong column and weak. The experimental program consisted of

6 full-scaleexternal RC BCJs. All BCJsadthe samegeometry and reinforcement details.

One of thespecimes was testedvithout strengthening and used as reference specimen

(C1). All other five specimens were strengthened using steel cages constituted by battens

(transverse reinforcement) and steel angles (longitudinal reinforcelalesigdas C2R,

C1RR, C2RR, C3RRNnd C4RR. The C2R specimen was strengthenedfa columnand

joint region while all other four specimens were reinforced in the beam, columaiaind

as shown irFigure 210.

=3
|

143

88120

175

P 5 BN

@
40
102

323
334

@

=

242014 1=346

=

25

To8/25

198

102

88/20

distribution
steel plate

[ 7
| /
.30
)
25

4+4014 =243

41

cross section
battens
4cmx04 cm

cross secfion

1

f

20 .20 _20 12112114“5 15_‘15\14 1212.20 .20 20

frontal view

Figure 2-10 (Continued)

21

=2 121220 20 , 20

bar 620
L

1

f

20 .20 _20 1212t
o

I

lateral view



cross section
battens
4cmx 0.4 cm

cross section
battens
4cmx 0.4 cm
cross section
angles

ScmxScmx
0.5cm

A5emx 0.5

i1

cross section

angles
ScmxS5cmx
0.5 cm

PR B—

|

A212.20 .20 20,

baf 930

L

Hp
=

41 102
T
i
1
41, 102

/ 1 m - —h

T RN\Y/

\,;../cross section
L balfens
| 1.2emx 1.2cm,

s=0.5cm

w4 moss section

- battens
1.2cmx12cm,
step 12 cm

T
steal plate T Tid
[

step 12 em

:

frontal view lateral view frontal view lateral view

CIRR, C2RR, C3RR C4RR

Figure 2-10 RC BCJ externally strengthened with steel cagg0]

Results showed #t this strengthening technique was very effective in transferring the
undesired weak column strong beam frames characterized by brittle failure into a desirable
strong columraveak beam frames. The response of reinforced specimens in terms of
stiffness derpdation and energy dissipation waomising. The author reported that
special care had to be taken for welded sedctibare brittle failure could occur under an

elevated number of cycles.

Esmaeel et a(2014)[21] introduced a new seismic retrofitting solution the seismially

deficit RC BCJs.The author experimentally investigated the effectiveness otase
hybrid conposite plates (HCP) in terms tifeir hysteresis response, energy dissipation,
stiffness degradation and displacement ductility. HCP, prefabricated #té plas made

of strain hardening cementitious composite (SHCC) reinforced with CFRP laminates. The
research work comprised off@ll-scaledamagednterior BCJs HCPs were bonded to
damage specimens by means of epoxy resin and chemical anchors to essdraimed
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elements. Two different schemes had been used in this research work i.e; a) a cross shape
HCPs according to near surface mounted method-dhape configuratianThegeometry

and reinforcement detailare shown inFigure 211 and specimens weresignated as
JPAGR and JPER. Cross shape HCPs were attached to front and back faces of both
damaged specimens. In repairing of JPC specimen, in addition of cross shape HCPs,

L-shape HCPs were also attached to lateral faces o BRCdach amer as shown in

Figure 212.
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Figure 2-11 Geometry and reinforcement configuration of interior BCJ [21]
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Figure 2-12 Retrofitted scheme proposed by Esmaeg?1]
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The hysteresis response of retrofitted specimens showed that magineagthof JPAG

R had leen increased up to 18.2% and 25.5% for positive and negative directions
respectively. However, corresponding values for the speciiR€&R were 48.3% and
54.5% for the negative and positiegcursions The energy dissipad by the specimen
JPAGR 52.3KN-m at 4% drift which was 23% more than the energy dissipated by the
specimen in the virgin statelowever, JPER reached a valuef 4.3 KN-m which was

84% morethan energy dissipated in JPC. So strengthening scheme adopted for JPC
specimen was more effeativBoth specimens showed higher secant stiffness than in the
virgin state up to 3% drift. The experimental results indicated that displacement ductility
of JPAGR was 22.66% more than the corresponding value of JPAQ. This value was 18.2%

more for the spenien JPER in comparison witlPC.

Esmaeel et a{2016)[22] evaluakd the seismic performance and effectiveness of the novel
technique forthe strengtheningof exterior BCJs using bidirectional GFRP layers and
anchorage was done with steel plates. Twofl@DscaleBCJs were constructed without
transverse reinforcementtine joint region. One of thepecimeswas tested in itasbuilt
condition, designated as TS. While the other specimen was subjeatexktsecyclic
loading on the vertical and horizontal beams, as it is corndulB3calejoint, afterthat,

it was etrofitted with the proposed lseme as shown iRigure 213 and designated as

TSR.
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Figure 2-13 Retrofitted Scheme proposed by Esmaeel (201)2]

Experimental results showed that TS specimemeaeld peak story shear of 35.8 kn a

vertical plane at drift angle of 1.6% and @&horizortal plane, this value was 38.6Nk
However, TSR specimen reacha value 47.8 kN and 45.Nlat a drift angle of 1.6% and

2.4% in vertical and horizontal plane respectivaixperimental results showed that
proposed technique achieved 28% higher displacement ductility than TS specimen. The
energy dissipated by TSR specimen was 10.7 times mord $hapecimen aheultimate

load point.
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2.3 UHPFRC Material Properties

2.3.1 Background:

Different manufacturers in different countries have developed several types of UHPFRC.
Of these, three fundamental types are Compact Reinforced Composite MRGHcale
Cement Composite (MSCC) and Reactive Powder Concrete (RPC). The main difference
between these types are timaount and the type of fibers used. One of the leayes

of UHPFRC is RPC and French comparnie$rage Bouguesand Rhodia launched one
such prodct marked under the name Du@abince RPC is commonly available, reliable

and economically feasible type of UHPFRC.

2.3.2 Constituents of UHPFRC:
One of the main development in concrete technology is UHPFRC. The key factors behind

theexcellent mechanical ppertiesand improved durability of UHPFRC are;

1. The formation of capillary pores is minimized duethie very low watercement
ratio of about 0.18.25 resulting into denser and stiff structure of hydration
product.

2. The reduction in the water demand of framix specifically resultsn a higher
degree of particle packing density of fine grains in the binder matrix and enhancing
the compressive strength.

3. The use of steel fibers prevents the groankl interconnectivity of micrecracks
by absorbing the tensilkstresses. The micayacks join togethdorm macrocracks

[23].
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Cementitious materials: As compared to conventional conaendhigh-performance
concrete (HPC), relatively high fractions of cememé used in UHPFR24]. The
compressive strengthf UHPFRC increases with the increase of cement content but up to
a certain limit known as optimum content, beyond liniét, the strength tends to reduce

due to limited contribution of aggregatb]. Cement with the calcium aluminates less
than 6% is preferredug to its lower water demand. Cement content does not hydrate
completelydue to lower watebinder ratio, so the part of thydrated cement content can

be replaced with silica fume, crush quartz or blast furnace slag without compromising the
strength. Beaase of much finer particle size 0.1 to 10 um, optimal sphesttgbeand its
pozzolanic reactions fill the gap between the relatively coarser particles and hence improve

the workability and compressive stren{ib].

Water-binder ratio: In order to achieve allowable spread flow and maximum relative
density andhe optimumwaterbinder ratio of 0.13.25was suggested in the literature.
Willey et. al 2011 achieved compressive strength ofMBa with w/b equals to 0.426].

In addition to w/b ratio, othestrengthgoverning parameters are properties of constituents,

mixing procedure, mixer tyg curing regime and curing type.

Superplasticizer: Waterbinder (cement + silica fume) ratio muatfiect the workaility

of concrete. The much low workability of UHPFRC mixtuyecause ofery low w/b ratio,

can be enhanced by the use of effective superplasticizers (SP). The compatibility between
the constituents of the mix and the type of SP effects the requirddsagg7]. Due to
dispersing effect, the gradual addition of SP to the mix is more effective rather than adding

SP once. SP dosage of 1.4% to 2.4% was recommended by Wi[26ét al
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Aggregate: Cracking in the concrete typically initiates in the proxinufythe aggregates.
Cememntaggregate interfacial zone (ITZ) is the weakest link in the normal concrete. The
major portion ofthe fracture paths in the normal concrete presalaisgthe interface
between coarse aggregate particles and cementitious matrix called ITZ. This is may be due
to theinherentweakness of ITZ or due to stress concentration induced by rigid aggregates
emlkedded inthecementitiousnatrix. ITZ have high w/b ratio as compared to surrounding
matrix due to internal bleeding around the elongated and flat coarse aggregate particles and
hence characterized by the highly porous regiffiect the durability of conate.
Therefore,abovementionedweaknesses induced by ITZ can be reduced by eliminating
the coarse aggretgs from the mixture of UHPFRE8]. Fine aggregates like quartz sand

are used in UHPFRC mixturgvhich playsa key role in reducing the maximum plate
thickness (MPT). MPT is an important factor in the mixture design of UHPIRI& et

al. reported an optimum sand to cement ratio of 1.4 for a quartz particle size of [2&.mm

Fibers: UHPFRC exhibits the ductilitgndas the specimen beginsa@ck,the small scale

fibers reinforced the cementitious matrix causing smatidi@ss damaging cractsform.

Fibers are either metallic, polymeric or natutaénerally metallic (Steel) fibers are used

for structural and nostructural purposes. The steel fibers bridge the crack due to which
UHPFRC shows strain hardening behavinder tensile loading'he sizeshapeand type

of steel fibersffect the workability and energy dissipation capacity during chackging

For economical and workable UHPFRC mixture, Richard and Cheyrezy recommended 2%

by mixture volume of steel fibg29].
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2.3.3 Mechanical properties:
Sufficient data has beepublished about theroperties of UHPFRC and sufficient
information is available to establish a range ofaterial properties[30]. The range of

UHPFRC material propertieslisted inTable2-2.

Table 2-2 Range of UHPFRC material properties

Property Range
Compressive strength 207 30 ks 1407 200 MPa
Tensile strength 0.97 1.5Ksi 61 10 MPa
Modulus of Elasticity 60007 10000Ksi 407 70GPa
Poi ssonos 0.2 0.2

Coefficient of thermal expansio 5.57 8.5millionthsPF 107 15millionthsPC

Creep coefficient 0.27 0.8 0.27 0.8
Specific creep 0.0471 0.3 6 to 45 millionths/Mpa
millionths/psi
Total shrinkage Up to 900 millionths Up to 900 millionths

2.3.4 Compatibility of NC and UHPFRC:

Miguel Angel Carbonell Munoz studied the bond characteristics of ’RIRFC and NCSS
by conducting thelifferentbond test such as slant shear t@ath bond interface inclined
at 58, 6(° and 70, pull off and splitting prismtests. The role of surface preparation
treatment, pravetting conditions anfteezethawcyclesin the development of borere
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herin investigatedDifferent NCSS of samples forthe split tensile test is shown in
Figure 214 and forslant shear, and pull offses are shown ikigure 215. The samples

prepared for all bond tests and testip are shown irFigure 216.

(a) Chipped surface, slightly (b) Smooth surface, slightly (¢) Smooth surface, no dust
brushed. brushed. removal treatment applied.

(d) Sandblasted surface. (e) Brushed surface. (f) Grooved surface.
Figure 2-14 NSC substrate surfaces for Split tensile samples

(a) Rough surface. (b) Sandblasted {c) Brushed surface. (d) Grooved surface.

Figure 2-15 NCSSfor Slant Shear and Pull off samples
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A

™
“Accelerometer

(a) The set-up for the (b) Composite samples in the (c) Determining the
splitting tensile test. chamber. fundamental longitudinal
frequency of the composite
specimen.

(a) Compressive machine for the (b) Specimen with rough (c) Specimen with

slant-shear test surface during grooved surface
loading test during loading test

(a) Steel disks glued to the UHPC surface (b) The set up for the pull off test

Figure 2-16 Test Setupof split tensile, slantshear and pull off tests

It was reported thahe bond performance between NC&® UHPFRCC is successful.
Results showed that saturated conditimisNCSS resulted into an excellent bond
performance. The roughness degreeN&fSSbecame irrelevant to obtain a good bond

strength if appropriate wetting conditions took p[8dé.

Al-Osta et al[32] evaluated the bond strength betwéBtPFRCand normal concrete by

conducting thebond test such asplit cylinder tensile strength test and slahear test.
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Epoxy bondedEP), plane surface amshndblastedSB) hybrid cylinder specimens were
testa in the current research work. The author concluded gpatimens whose NC
substrate surfaces was made rough through sandblasting had highehatargtrength

than epoxy bonded or plane surface specinagmsfailure was observed in the interface
pluspartial concrete substrate. The values of split tensile strength test for both techniques
(EP and SB) showed that the bond between UHPFRC and NSC fall under excellent bond

guality regardless of surface preparation.

2.4  Application of UHPFRC in Strengthening the RC Beams

Katrin et al (2007) [33] experimentally investigated the rehabilitatigotential of
UHPFRC and conventional concrete structural members. The experimental work consists
of 12 full scale 5.4 m long flexural beamsth UHPFRC layer on the tensile face. The
beams were comprised of conventional reinforced concrete substdatéHRFRC layer

as shown irFigure 217.
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Figure 2-17 Hybrid UHPFRC -RC Beam Test [33]

These composite beams were tested under displacement contebioiioading system.
Different thickness of UHPFRC layehy) and the presence of steel reinforcement in

32



UHPFRC layers were the experimdnparameters. Beams without reinforcing bars in
UHPFRC layer (NR) and Beams with reinforcing bars in UHPFRC layers (R) were under
investigation. The results indicatédtht the use ofebars in UHPFRC layer increased the
ultimate load carrying capacity o times for R5 beams with J¥ 50 mm. this value was

five times more for R10 beams withk=h100 mm in comparison witNR beams. The
application of UHPFRC layer on the conventional RC beams enhanced the stiffness,
reduced the deformations, minimize the krapacing, crack width and delay the

development of localized macpvacks.

Martinola et al[13] studiedthe performance of RC beams strengthemitdl HPFRC. For

this purpose, total 3 flikcale4.55 Ilng beams had been tested in the cunesgarch work.
Beam without any reinforcing bars and beam with very low 0.03 % reinforcement ratio had
been strengthened within HPFRCCjacket having a tltknes of 40 mm as shown in
Figure 218. The third beam without HPFRCC jacket buttivithe same reinforcement ratio
had been used ascontwol specimen. After sandblastirlge surface of normal concrete,

HPFRCC jacket was applied. HPFRCC was reinforced stitlight steel fibers.

2012

2916

Figure 2-18 Strengthening Scheme of Beand.3]

It was reported thahestrengthof abeamwith jacketing was increased by 2.15 times than

the beam without strengthening. The proposed strengthening technique significantly
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increased the beam stiffness amhsequentlymid-spandeflection of beam strengthened
with HPFRCC waseduced to from 6 mnot0.5 mm at service load of 88IkExperimental
results evidently showed that there is no need of any primer adhesidecpror
application of HPFRCSandblasting with the surface roughness-afrhim is enough for

proper bonding.

Serena et al[34] experimentally evaluated the increment in the bearing capacity of RC
members under shear action which is the challenging issue in repairing field. The test
matrix consisted of 4 full scale 2.85 m long beams. One ob#aas was used as
benchmarkwhile all other beams were strengthened WHPFRC. The beam specimens

had been strengthened with longitudinal reinforcement only. Stirrups and inclined
reinforcement had not been used to ensure shear failure. The surface of other beams was
made rough by salblasting technique and U bent wire mesh was placed within HPFRC

jacket.A different configuration of HPFRC jacket and specimen charatiesiare shown

s . Bond
Thickness Material | properties Type Mesh
Lower surface | No reinforced - -
Unereinforced | Lateral surfaces | No reinforced - -
beam
Lower surface 50 mm self levelling no primer
Welded wire
mesh U bent
Lateral surfaces 50 mm self levelling no primer
Lower surface 50 mm self levelling no primer
Welded wire
mesh U bent
Lateral surfaces 50 mm thixotropic Epoxy primer
Lower surface 50 mm self levelling no primer Welded wire
mesh U bentto a
1 heightof 20 cm
on the lateral
Lateral surfaces 30 mm thixotropic no primer surfaces

Figure 2-19 Specimen Characteristicd34]
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Experimental results showed that the thicknegaakdet effect the maximum loaépacity.
Beams B and D hathe samethickness of HPFRC jackeind equal to 50 mmiTheir
capacities improved 1.7 timeghile beam E having jacketof thickness 30 mm othe
lateral surface, the mamum load increased 1.5 times. It was observed that HPFRCC

jacket played the role of shear reinforcement and replaced it effectively.

Yehi et al.[35] investigated the flexural behavior of beams strengthened and retrofitted
usingthemixedsteel fiber concrete jacket (MSFCJ) under short time repeated load. In the
proposed research work, fourteen (14) th3long beams wereastand tested under
threepoint load configuration. Of these, two RC beams were constructed without
retrofitting. One of them was tested under static load and other was tested under repeated
load. The remaining 12 beams were ggteened and repaired. Of these, 6 beams were
strengthened using U shape MSFCJ. MSFCJ was comprised of tedragd endnooked

steel fibersThe other 6 beams were loaded up to 50% of ultimate static load then damaged

beam was retrofitted using MSFCJ.e8tgthening and retrofittingchkemesare shown in

Figure 220.
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Figure 2-20 Strengthening Schemes and Shear Connector DetajB5]
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It was reported thathe numberof cracks had been reduced by using these types of
strengthening and repairing techniques and cracks were concentrated in middle third
portion of beams avoiding thlermation of shear cracks. Bnding failure had been
prevented by use of shear connectors in MSFCJ. The stiffness of strengthened and
retrofitted beams had been significantly enhanced. The addition of 1.5% fiber content in
MSFCJ significantly increased the number of cycles and decreased the deflection and

strains.

Prabhat et al[36] studied the flexural behavior of damaged RC beams repaired using
UHPC. The author expienentally evaluated the effectiveness of UHPC jacket in repairing
the damaged RC beams. Total fifteen (15) 1.5 m long RC beams were fabnaategl
100x200 mm Xsection dimensions. Out of these 15 beams, 3 beams were tested without
strengthening for fiding the ultimate load carrying capacity of the reference beams. The
remaining 12 beams were loaded up te98%o of ultimate load to induce distress in beams.
Later on, these damaged specimens were repaired using UHPC strips of 20 mm thickness
usingan epxy primer to takeup the tensile stresses. In the curnestearch work, the
experimental parameter was curing type of retrofitted UHPC strips. Three different curing
types namely hot air curing, steam curing and moist curing were used for curing of UHPC
strips. All beams were tested undbreepoint loading system. It was observdtat de
bondingfailure had been prevented by the usawepoxyprimer. Results showed that
UHPC strips cured with hot air treatment increased the failure load up to 30%MiIE

strips cured with steam curing increased load u®®. However, this value was equal to

20% for moist cured UHPC strips.
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Al-Osta et al[32] investigated the flexural behavior of RC beams retrofitted with UHPC.
Two different techniques of strengthening of RC beams using UHPC diffrent
configurdions were assessed in this research. These two techniques are; i) NC surface was
made rough by sandblasting andsitu casting of UHPC around beams with different
configurations. ii) Epoxy primer was used to attach gimecastUHPC plates with
conventioml RC beams. Total experimental work consisted of 8 RC beams. Of these, two
beams were tested under four point loading configurations without strengthening and used
as reference beams. Each technique of strengthening consisted of 3 beadiffenattt

strengthening schemeas shown irFigure 221.

Strengthening configurations (thickness of UHPFRC

Jacket = 30 mm)
Strengthening pattern Specimen identification
RC-Control
RC-BOT §]
RC-2 5]
RC-3 5]

Figure 2-21 Strengthening Patterns and Specimen identificationg36]

The author repoed thatthere was no considerable difference in the resnfitbvo
strengthening techniques. However, sandblasting interface preparation teetesquere
promising. It was reported that the stiffness amdackingload of strengthened beams
were increasd, crack propagation was delayed and crack were concentrated in the middle

third portion of the beam which reflected the increment in the shear strength of the beam.
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From the review of literature presented above, it is observed that many research works
have been conducted to study the efficiency of UHPFRC jacketing in strengthening the RC
beams. However, very limited work is reportedtbaevaluationof the effectiveness of
HPFRC jacketing in retrofitting the BCJs for making them capable of resistisgidraic
loading. In the present research work, an attempt has been made to study the effectiveness
of UHPFRGjacketing for postarthquake repairing and pearthquake strengthening of
exterior BCJs, experimentally and numericalljle psitive effect ofthe strengthening of
BCJs using UHPFR{acketing was noticed against seismic loading due¢h#&ohigh
compressive strength of UHPFRC coupled with strain hardening behavior under tensile

stresses, high fractuteughnessand ductility.
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CHAPTER 3

Experimental Program

3.1 Introduction

Experimental simulation is considered indispensable for getting insight into the response
of structural members undearthquakegyenerated agitation to a structufidnis chapter
introduces the specimens tested at Heavy Equipmeatct®n Floor Laboratory of
KFUPM to investigate the effectiveness of UHPFRC jacket in repairing and strengthening
the external RC BCJs with no stirrups in the joint region under monotonic and reversed
cyclic loading protocolsThe complete experimental tnia consists of seven (7) 1/3 scale
exterior BCJs sulassemblageand there wee characterized by the same geometry and
reinforcement detailingExterior BCJs are more susceptible to damage under seismic
excitation due to less confinement, high torsiostaésses and lower axial load tire
column as compared to interior BCIJ$ie experimental campaign has been divided into

two groups

1) Group # 1Postearthquake or postamage repaing

2) Group # 2Preearthquake gpre-damagestrengthening

The following setion will report detail description about the detad and design of test
specimens fabrication of specimens, damagespecimens and their retrofitting

configurations, strengthening schemes of undamaged units, material propentesalf
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concretesteel reinforcementSikadur® 32LP and UHPFRCthe experimentatest satp

details instrumentation and loading protocols.

3.2 Description of the specimens

A total of 7, 1/3 scale RC-Tonnections without any transverse reinforcement in their joint
region werefabricated and tested under monotonic and reversed cyclic loading. Each
specimen represents a parttbé multi-story plane frame. As desceid earlier, these
specimens had been divided into two groups. Group # 1 consibtdaee damaged
specimens repad by using UHPFRC jackeand tested under monotonic loadifigne
effectiveness of UHPFRC jacket in repairing the damaged spasiomder varying axial
load hadbeen studied in this groufphe specimemwerelabded as SPiR, SP2R, and
SP3R. Group # comprised of fouundamaged specimens. One of them tea$ed in as
built condition and used abe reference unjtdesignated asd. The remaining three
specimens we strengthenedy using UHPFRC jacket. Beforgackeing, the normal
concrete substraturface (NCSS)f two specimengsas made rough through sandblasting
for the development ghefull bond between normal concrete and UHPHREket After
surface treanent, UHPFRC was castroundthe BCJs insidethe mold and these two
specimensvere desigated as TS1 and TS2owever, for théourth specimen, UHPFRC
plates were castndcured for28 days After cleaning the substrate concrete surfs#fdbe

test unif UHPFRC plates were attachedttee surface ofthe unit without any surface
treatment, wh the help ofthe epoxy primer. This specimen was designated as TSE.
Specimens T, TS1, TS2, and TSkere tested underversed cyclic loading simulating

the real loading event suels earthquakand CAL waskept constant and equal to 199.k
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3.3 Design of pecimen

All test units havesame geometry and ndorcement detailing and they meedesigned such
that failure would occur in the joint region due to shear withoelkding of beand s
reinforcement. Concrete outline and reinforcement detailitigeo§peciran areshown in
Figure 31 and Figure 2, respectivelyEach specimersicomprised of an upper and lower
column along with one orthogonal beam, coinciding in the joint region. Accorditig to
elastic lateral response of a momeway frame when subjectéallateral loads, the pomt

of contraflexural approximately occur at mitkeight of columns and miléngth of beams.
Therefore,the length of structural ements is representative of rsmry height for
columns and migpan of eams of the frame structto simulate the boundary conditions
at the extremity of element§he columnhasrectangular 200 x 250 moross section and

a length of 1200 mm whereas the beam has a rectar@fldlar 250 mm cross section and
a length o©00 mm.Therefore the joint pael hasa square 26 x 250 mnplane section.
Joint aspect ratio is kept 1 which is the most common case fotmeliterature. Two sets

of four 020 (diameter of rebar is 20mm)
negative reinforcement of beam. Reinforcement ratio for beam was kept high to promote
joint failure mechanism withowielding of beand seinforcement. The anchaes of
beambars are conforming to current building code AZ18-11[37] to ensureproper
transfer of forces from [@n to joint. As per code, bars are anchored in the joint by 90
degree standard hooks which are spotted within 500 wm tine face ofhecolumn. The
hook tail length i200 mm embedded into the joirnit.8transverse reinfaement in the
beam is spaced 80 mm. The first stirrup is provided at 10 mm from the fadb@tolumn

in the beam. The flexural capacity thie column is kept around twames higher than
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demand imposed by the beam for all load boration used in the experimefitiecolumn

is designed by following the guidelines provided by AT811.Sixt 20 def or med b
are placed along the shorter dimensiontloé column as the column longitudinal
reinforcement. The transverse reinforcementio | umn consi sts of u8
spaced at 50 mnT.he frst tie in the column is placed at 25m from the face ahebeam.

No transverse reinforcement is placed in the joint amed all specimens are cast

horizontally.

Figure 3-1 Geometric detals of BCJ(3-D view)
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3.4 Preparation of Specimen

The speci mensPRAINSAePrecaasstt Faatc th@ cogstructionFob r
specimens, wooden molds and steel cages were prepatszisaine factory whiléhe
readymix concretecompany supplietheconcrete The preparation of wooden molds and

steel cages are described in théolwing sections.

3.4.1 Preparation of woodenmolds:

New smooth surface plywood formwook standard thickness 18 mm was used a®Id

for casting the normal concrete. Theseldswere formed to produce specimens consisted
of a column and beam with 200 x 250 nuross section antthe length of 12200 mm and
900 nm, respectively.In the formation of formwork, special attention was given to
dimension, alignment and concrete covBefore castingjnner sides of molds were
properly cleaned antthe gaps between treelges of formwork were sealed using silicon to
prevent the flow of water from the concrete matfike preparation phase ¢ie moldis
shown inFigure 33. A thin layer of oil was sprayed on the ins@es of moldsa facilitate

the demolding of RC specimen

Figure 3-3 Preparation of wooden molds
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3.4.2 Preparation of steel cages

The reinforcement was cut and bent by commercial steel supplier according to bar bending
schedule provided to them. The steel sagere assembleih the factory. For the
construction of steel cages, steel wires were used to hold the main bars and stirrups in their
position. Plastic spacers attached to steel cage were used to ensure the required concrete
cover.Complde steel cages@ashown irFigure 34. After theconstruction of steel cages,

the location of strain gauges for monitoring the strain imebar wasnarked appropriately

on the main and transverse reinforceraeftter their formation they were placed in the
wooden mdds. Figure3-5 shows the placement of steel cage inside the wooden mold. The
steel cag, settled in the wooden mdefore castings shown irFigure3-6. Before casting

the concrete, the strain gauges were installed on the main and transverse regmfiorcem
after cleaning and sanding the surfacthefebar to provide the flat surface. Strgiauges

were attached usinguper glue an@¢overedthem using watg@roof tape to avoid their
damage from water and protebem from the impact of aggregates andratbr during

casting.

NS

37> ad NI

Figure 3-4 Steel cages for the test specimen
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Figure 3-6 Wooden molds with reinforcement cage before casting

3.4.3 Casting and curing of the concrete

The conventional concrete for-Mx&Lencretemg was
Companyo. Al Il s peciamebath. Weccorerete \gasuted directtym t h e
into the molddrom the truck. Small electrical poker vibrator was used to coradelithe

concrete completely and leusy was done with the help dfowelsto level an uneven

surface as shown ikigure 37. For determining the material properties like concrete
compressive strength and spdibsile strength at the age & @ays, standarsizecylinders

were cast from the same batch of concrafeer casting the concretBCJs and cylinders

were covered with pistic sheets to prevent tlessof water that may result ithe surface
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cracks. After demolding, specimens were cured using wet jotavoid shrinkage cracks

and premature stresses in the concrete

Figure 3-7 Casting of testspecimens

After completion of curing period (28ays),spedmens were transported from the qast

factory to Heavy Equipment Reaction &td_ab of KFUPM as shown iRigure 38.

Figure 3-8 Test specimenat 28 dayscuring period
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3.5 Repairing and Strengthening Scheme

3.5.1 Repairing Strategy

The experimental work involves the patmage repair and pdamage strengtheng of
damaged and ulamaged BCJgespectively In the former setthree severely damaged
exterior BCJs designated as SP1, SP2, and SP3 were elected from a group of specimens
that were tested in their virgin state in the ambthefesearch programwf MS thesiq38].

All specimens were similaregardinggeometric and reinforcemedetailing The only
difference between these specimens was Colurial Aoad (CAL). For this groupAxial

Load Ratio (ALR) varid from 0 to 0.57 and CAL was 0Nk 200kN, and 600 N for units
SP1,SP2 and SP3respectively. These specimensre tested under monotonic loading
and were loaded up to 100% of ultimate load carrying capacity at the beam tip in their
virgin state taistressethdr elementsThesedamagedspecimens we repaired witlstate

of the art magic materialhese specimens were reinforced in the calupeam and joint
region using HIPFRC jacket. The jacket was extended 250 mm from the jointrrégio

the beam and columns, and this extension eaal to the depth ofhe element Before
application of UHPFRC jackethe normal concrete substrate surface (NCSS) was made
clean through brushindzor making the successful bond between NCSS and UHPFRC,
somesurface preparation techniques were availaifiéhie preparation cubstratesurface

such as chipped surface, sandblastedace and grooved surface. Ftre specimens of
group 1, chipped surface slightly brushed witb dry conditionwas selected for surface
preparation which includes the smadlés produced bg hand drill. Figure 39 shows the

NCSS after surface treatment.
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Figure 3-9 Chipped NCSS after surface treatment

Smooth surface wooden molds were used for casting the UHPFRQ gaaked the NC,

as shown irrigure 310. Theinner surface of the molds weleaned and inside edges were
sealed with silicon. To facilitate the demolding of UHPFRC jacket, a thin layer of oil was
sprayedonto the inner surfacebefore casting the UHPFRCFigure 311 shows the
damaged specimen after surface treatment positioned in the mold. The whagbeo$et
UHPFRC jacketing was placed on the vibrating table to provide small magnitude vibrations
for the flow of UHPIRC if required. The equipment and materia$ed for mixing and
casting théJHPFRC will be discussed in section 3.618ckets were cast when specimens

place horizontally. UHPFRC was poured around the damaged specimen inside the mold.

Figure 3-10 Smooth surfacewooden molds for jacketing withvibrating table
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Figure 3-11 Specimen positioned inside the mold before UHPFRC jacketing

The columnpeam and joint region were encased in UHPFRC jacketof3n thickness.
The geometry and reinforcement details of reti@di specimens are shownHigure 312
and Figure 313, respectivelyAfter casting the jacketest units were covered with plastic
sheetdo prevent rapid loss of watdRepaired specimengere demolded after 24 hours
of casting.These specimens wecered for 28 days with wet burlapBhe pctorial view

of specimets repairing jacket casting, ancuringis shown in kgure 314.

AN

30
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§ & R
3
d UHPFRC
. L
Notes:
%0 959 30 1. All dimensions in mm unless noted otherwise.

3 : 2. Cover for all reinforcement = 25 mm
g 3. Compressive strength of concrete f'c=30MPa

Figure 3-12 Geometric details of retrofitted specimens
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Figure 3-14 Casting and curingof UHPFRC jacket of repaired specimens

3.5.2 Strengthening Scheme

Group 2 consisted of four damaged specimen®©f these, three specimens were
strengthened using UHPFRC jackefforeapplication of loagddesignated as F§ TS-2,

and TSE. From the numerousurface preparation techniques, NCSS of speaménl

and TS2 was made rough through sandblastieghnique up to medium level.
Sandblastingf these specimensad been done &rainsaPrecast Factory, as shown in
Figure 3-15. Figure 316 showsthe strengthening process of units TS1 and T$Re

casting of UHPFRC jacketing was done in the same way as described in section 3.5.1. The
geometry and thickness of UHPERacket weresame as described in section 3.5ifjure

3-12 showsthe schematic view oftrengthenedspecimen Specimensupgraded using
UHPFRC jacketsvere demolded after 24 hours of casting. These specimens cueeel

for 28 days with wet burlaps.
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Unit sandblasting A fier sandblasting , A 2 :
Step 1: NC substrate surface Step 2: Specimen positioned inside Step 3: In-situ casting of
Preparation the mold before jacketin UHPFRC jacket

-

) )
¥

Step 4: Covering of unit with Step 5: De-molding of Retrofitted Step 6: Curing of Retrofitte
plastic sheets unit units

Figure 3-16 Strengthening processof units TS1 and TS2

For the third specimen of this group, designated as th&Etructual epoxybondingagent

was used to attach the Habricated UHPFRC plates without adopting any surface

preparation techniquénstead ofthein-situ casting of UHPFR@side the molds, T, | and

Square shapgHPFRC plates of 30 mm thiskere castisingthe wooden molds as shown

in Figure 317 and cured for 28 days. These wooden molds were cleaned and sealed with

silicon before casting. Theooden moldandUHPFRGCplatesafter demoldingare shown
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in Figure 317 and Figure-38, respectivelyThese UHPFRClates were applied to NCSS
using 2pars structural epoxyponding agent named as Sikdt32 LP. It is moisture
tolerant, structural two part bonding agent based on a combiraitiepoxy resah and
special fillers. NCSS wasleanedusing anangle grindetto obtain the surface that was
sound, clean, dry and free from any cement lattice. Any loose or friable particles were
removed to achieve a contaminated free and open textured siédore application of
these plates, the NCSS walsomade clean througcompressed aigsshown inFigure3-

19 and Figur&-21. The components A and B of Sikait82 LP were mixed for 3 minutes
using spindle attached to an electric dAliter mixing the components of epoxlyshaped
UHPFRC plate was attached to back fat¢he column, as shown iRigure 319 and
Figure 322 (a), followed by the squarehaped strips that were bonded to colunthiz@am
portions,as shown irFigure 3-19 and Figures-22 (b). In the end, Tshape plates were
applied tothe specimen covering bearcolumn and joint regionFigure 319 shows the
retrofitting procesof specimen TSEFigure 320 displays the3-D view of TSE The
ambient conditions and temperature, as stated in product data sheet provided by the epoxy

supplier, were maintained usihgo 500 watts halogen bulb, as showrrigure 323.
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Figure 3-18 Precast UHPFRC plates
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Step 2:Cleaning theNCSS

Step 3:Mixing the components of structural bonding ager Step 4:Attachment of iplateby using epoxy bonding ager
on the outer face of column



LS

Step 5:Attachment osquareplatesby using epoxy bonding  Step 6: Attachment of Tplates byusng epoxy bonding
agent on the inner face oblamn and upper and lower face ¢ agent on thé&ont and back face of column and beam
beam

Figure 3-19 Strengthening process of unit TSE
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Figure 3-20 3-D views of Specimen TSE

Epoxy primer



( Attachment of rectangular plate

Figure 3-22 Strengthening of BCJ with pre-fabricated UHPFRC plates
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Figure 3-23 Curing of epoxy adhesive usindnalogenlights

3.6 Material Properties

Four materials weresed in fabrication, repairing and strengthening of damaged and
undamaged test units. To characterize these materials, different tests had been performed
according to standard test methods given in the literaturemBterialcharacteristics of

following four materials were determined.

1. Normal concrete
2. Steel reinforcement
3. Ultra-High Performance Fiber Reinforced Concrete

4. Sikadur 32 Lp ®
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3.6.1 Normal Concrete

Saudi Readynix Concrete Company provided tiNormal concrée with a minimum
design strength of 2MPa. The slump of concrete before casting was 110 mm and the
maximum aggregate size used was 25 mm.riguhe casting of BCJmultiplecylindrical
specimen®f 75mm x 150 mm were cast from the same batch, as shokgure 3-24,

for characterization and mai@rmodelling Formodellingthe concrete in Finite Element
solver, uniaxial compression test under monotonic and cyclic loading was performed. From
this test, sessstrain behavior othe material, modulus of elasticity arfebissors ratio

were calculateé which were used to characterize and model the material. In addition to
compression testing, split cylinder strength test was also performed to determine the

indirect tensile strength of concrete.

Figure 3-24 Sampling of concrete duringCasting

61



3.6.1.1 Compressive strength test

For determining the compressive strength and ss&as behavior of normal concrete,
cylindrical of 75 mm diameter and 150 mm height were tested, on test date of BCJs, in
compression as per ASTM C8%9] at a loading rate of 0.29Pa/sec. Before testing the
cylinders, sulphur capping was done tobtain the smoothness #te top and bottom
surfaces. Compression strength test was performed asiligjtal compressioitesting
machine witha maximum loading capacity of 3000N\k For this purpose, a frame of 87
mm gauge length with twb V D Tamdloadcell of 10 kN capacity attached fwortable
data logger TDS803 was used to record loadeformation dataFigure 325 showsthe
whole test sefp and specimen aftefiailure. Compressive strength was calculated by
dividing the load athe failure to X-sectonal area ofthe specimenThe compressive
strength valuesf concrete used for casting thgecimens afroup 1 (damaged specimens)
and group 2 (undaaged specimenayetabulatedn Table3-1 and Table 2, respectively
Figure 326 showsthe stressstrain behavior of concretgsed for casting the specimens of

group 2.

Figure 3-25 TestSetupfo compression testing (Left), ultimate failure in cylinders (Right)
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Table 3-1 Compressive Strength of Normal Cacrete (Group 2)

Average
Ultimate Load | X-sectional Area Strength
Specimen Strength
kN mm? MPa MPa
Cylinder 1 134.61 4417.86 30.47
30.09
Cylinder 2 131.25 4417.86 29.71

Table 3-2 Compressive Strength of Normal Concrete (Group 1)

Ultimate Load | X-sectional Area Strength ét\i ZLa%E
Specimen 9
kN mm? MPa MPa
Cylinder 1 88.4 4417.86 20.01
Cylinder 2 89.73 4417.86 20.31 20.47
Cylinder 3 93.17 4417.86 21.09
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Figure 3-26 Normal concrete stressstrain behavior of group 2 specimens

3.6.1.2 Modulus of elasticity andPoissonsratio

The Experimental test sgi used for the measurementstioé modulus of elasticity and

Poi ssonds rati o was nstengthtest. The ondyelifference betweemp r e s
them was the application of load. The compression strength test was performed under
mondonic loading while in this sap, the test was performed under cyctompression

loading. For the measurements of stramgoncrete, in addition to LVDTSs, two strain

gauges were installed @concrete surface in horizontal and vertical direction. MEE

andPo i s s o n @ywere aatculated by using the following formuégortedm ASTM

C469[40].

9% — ' ¥ (3.1)
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‘ N " (3.2)

Where

E =Modulus of elasticity (Pa)

S2 = Stress corresponding to 40 % of Ultimate Load
S1 =Stress corresponding to longitudinal strai®@f0005
N = Longitudinal strain corresponding to stress S

N =Transverse strain corresponding to stress S

N Transverse strain corresponding to stress S

The behavior of normal concretised for casting the specimens of grouwmng@er cyéc

loadingis shown inFigure 3-27.

35
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Figure 3-27 Response oNormal concreteunder cyclic compressive loading
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MOE andPoi ssonds r at i ousedfor casting theaspecimensigéioupelt e
were reprted by theresearch programf MS thesis[38] and for specimens of group 2

these values were calculated asA8TM C 469and given in Table-3.

Table 3-3 MOE and Poissorgs ratio of normal concrete

MOE
Group No. Poi ssonds
MPa
Group 1 21542 0.2
Group 2 25700 0.19

3.6.1.3 Split tensile test

Split tensile strength test was carried out on three cylinders for the measuddrie
indirect tensile strength of concretsed for casting the specimens of group 2 while for the
specimens of group 1, split tensile strength values were reporid8 ithesis[38]. The

test satp used for testingnd specimen afteesting is shown ifrigure 328.

Figure 3-28 Test setip for Split tensile test(left) and failure mode (right)
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Thestrength value was detemeid in according tASTM C496[41]. Compression testing
machinewith amaximum capacity of 3000\kwas used for this test. Peak failure load was
obtained from thenachine and following formula was used to determine the indirect tensile

strength of the concrete.

:| [a]

(3.3)

o]

where:

Q 3PIORDO OBDA([MBDE

P = Peak failure loaN)

a Length(mm)

d =Diameter (mm)

Split tensile stregth valuesof concrete usefbr casting the specimens of group 1 and

group 2 were calculated usigg). 3.3 and given imable3-4.

Table 3-4 Spilit tensile strength of normal concrete

Tensile Strergth
Group No.
MPa
Group 1 2.81
Group 2 3.08
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3.6.2 Steel reinforcement

The unaxial tensile strength testas carried oubn the deformed rebar used in BCJ
subassembly, as per ASTM A615, by usidgiversal Tension Machine available in
Structural Mechanics Lab 8FUPM. 20 mm bars were usedlasgitudinal reinforcement
and8 mm bars were used as transverse reinforcemetitspecimensThe tessetip used

for tensile test of rebar and failure deoof 20 mm bar is shown Fgure 3-29

Figure 3-29 Uniaxial tensile testsetup (Left) and failure mode of rebar (Right)

By performingthe tensile test on steel bars, average values of 605 aniBa%vere
determinedor theyield tensile strength and ultimate tensteength of the longitudinal
reinforcement at the strairf 6.0031 mm/mm and 0.0106 mm/mm, respectiveith an
elastic modulus of 19516MPa Figure 330 displaysthe stresstrain behavior of
longitudinal bar uder tensile loadingHowever, transverse irdorcement had the yield
strength and ultimate tensile strength of 580MPa andMB& at the strainof 0.003

mm/mm and 0.0105 mm/mm, respectivedigh an elastic modulus of 193604Pa Figure
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3-31 showsthe stresstrain behavior of transverse reinforcernencer tensileloading
The result data of tensile test for longitudinal and trars&eveeinforcement is given in

Table3-5.
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Figure 3-30 Stressstrain behavior of longitudinal reinforcement (420)
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Figure 3-31 Stressstrain behavior of transverse reinforcement ¢8)
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Table 3-5 Result data of tensile test performed on steel reinforcement

Stress Strain ME?(aj_gtlil(J:iSt;f
Bar Size l 5 . v, E
MPa MPa mm/mm mm/mm MPa
@20 605 695 0.0031 0.0106 195161
@8 580 667 0.0030 0.0105 193600

3.6.3 Ultra-High Performance Fiber Reinforced Concrete

3.6.3.1 Components of UHPFRC mixture

UHPFRC compositionconsists of a combination of cemiious materials such as
Portland cement and silica fume, fine aggregate,-taglge water reducing admixtures,
fibers and water. Depending on its application and use, different dosages of these materials
can be usedJHPFRC wasprepared in Concrete Lab of KFUPM with the helptioé

planetary mixer.

Cement
In UHPFRC mixture, Type | ordinary Portland cement with a specific gra¥idyl5 was

used. The chemical composition of used cement is givéahie 3-6.

Silica Fume

Silica fume is mineraadditive, acts chemically as a highly reactive pozzolan due to its
fineness,and physically optimize the particle packing density. It was obtamued the

n dilkem r i al

local suppliers Elkem. Elkem is thdorway 6 s | ar ge st [
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Materials is the world largest suppliers of Mi€ddica. Elkem micresilica is a byproduct
of silicon and ferrosilicon alloy obtained from tlsarbothermicreduction quartz and
guartzite inthe electric furnace witta specific gravity of 2.25. Thehemical composition

of Elkem micraesilica obtained fronproduct data sheet is givenTiable 36.

Table 3-6 Chemical Composition of Cement and Silica fume

% by mass
Constituents
Type | Cement Silica Fume
CaO 64.35 0.48
SiOe 22.00 92.5
Al203 5.64 0.72
K20 3.80 0.84
MgO 2.11 1.78
NaO 0.19 0.5
Equivalent alkalies 0.33 i
Na20 + 0.658KR0
Loss on Ignition 0.7 1.55
C3S 55 -
C2Ss 19 -
C3A 10 -
CAAF 7 -

Aggregate
Dune sand witha specific gravity 2.6 was used as fine aggregate in the mixture. The

absorption value was 0.4 %. The gradafighe sand used is givenTable3-7.
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Table 3-7 Sieveanalysis offine aggregate

ASTM sieve Number Sieve size Percentage Passing

# mm %

4 4.75 100

8 2.36 100

16 1.18 100

30 0.6 75

50 0.3 10

100 0.15 5

Superplasticizer

Polycarboxylicetherbased new generatidmgh range water reducing/sup&sticizer
concrete admixture named as Mas@eniun®51, the product of chemical company
BASF, was used as HRWR agent which is consistent with ASTM C494 Type F. Its color
is amber and structure is polycarboxylic ether bakedlensity varies frorh.082i 1.142
Kgl/liter. Chloride contents are less than 0.1% as per ENL888hd alkaline contents are

less than 3% as per EN 48Q.

Steel Fibers

Steel fibers with two different shapes in equal ratio were used in UHPFRC enletving
adifferent role in improving the properties tfe fresh and hardened mixture. Shapes of
steel fibersaffect the ductility, crack bridginggnergy dissipation around theack, and
workability. To improve the quality of mixture, hooked end andight fibers were used

in the ratio of 1:1. The product name of straight fibers is Micro Steel Fibers. Micro Steel
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Fibers had 0.2 mm diameter, 13 mm length and aspect ratio of 65 with tensile strength
more than 250MPa The product name of hooked endkfib is Brass Coated Hooked End
Fibers. These fibers were 0.35 mm in diameter, 25 mm in length arahbhagect ratio of

71with tensile strength more than 2501Pa

The componentsf UHPFRC mixture are shown Fgure 332

Hooked end steel
fibers

. ‘

Micro-silica

Superplasticize Straight steel ﬁbers"': -

Figure 3-32 Constituents of UHPFRC mixture

3.6.3.2 UHPFRC mixture design

UHPFRC mixture wasprepared by using the mixture designdeveloped by
Hakeem et al (2011) [42]. The strengthening material utilized inpegring and
strengthening olamaged andndamaged specimergd the composition per cubic meter
as follows ASTM Type | Portland cement 900 kg; Elkemdv-silica 220 kg, dune sand
991 kg; steel fibers 157kg (about 2% by volume of UHPFRCY}0.3 kg Master
Glenium®51 and water 168 kg representing waiader ratio of 0.15. The UHPFRC
mixture design yikeled compressive strength more than MBa on 50 mm cube a&h

flexural strength exceeding 34Pa
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3.6.3.3 UHPFRC mixture Preparation

Locally developed and optimized mixture was used for strengthening and repairing of all
BCJ specimensSpecial equipment dnprocedure weraised for the preparation of
UHPFRC mixture. For the preparation of strengthening material, a higgr €apacity
mixer was requiredThe a@asting of UHPFRC was carried out in Concrete Lab, using
horizontal pan mixeand average flow diameter was measured using flow tableatest,

shown inFigure 333.

Following procedurevasadopted for the preparatioh strengthening material

1 Weight thesuperplasticizeand water in the start and mix them. Leave this mix for
around 20 minutes.

1 Start weighing the remaining components in the order of lighter component first
followed by heavier components. This precautstaken in order to avoid the loss
of material due tohespilling of constituents in dry mixing.

1 Put these constituents one after the other into the mixing drum except fiber which
wasadded at the end.

1 Run the mixer for 8 minutes for dry mixing.

1 Add 50% of water and superplasticizer mix with small discharge so that hean
thoroughly mixedrather than being concentrated and forming the lumps.

1 Note the time when water and superplasticizer mix is added.

1 Keep monitoring the mix for observing the signcohesiveness

1 After 810 minutes of first pouringf water and HRWR agentix, add 20 % more

of this mix into the mixing drum.
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1 Around 13 minutes of first addition of water and HRWR agent mix, sigriseof
cohesivemix will be prominent and moisture tracedlwe visible in the mixture.
Now add remaimg water and HRWR agent mix and mix them for another 2
minutes. The mixture will start to flow at this stage.

91 Dispense the steel fibers into the matrix and keep mixing for anotheniButes
until all fibersseemto be evenly mixedThe UHPFRC mixture is ready to perform

spread flow test and strengthening the BCJs.

Figure 3-33 Planetary mixer (Left), UHPFRC mixture (Center) Flow Table Test (Right)

3.6.3.4 Trial Mixes

UHPFRC jacketing around all sides of BCJ specimens was one of the challengsg task
due to lower watebinder ratio. Four trial mixebad been prepared using the mixture
design developed yakeem et a(2011)[42] to obtain the maximum spread flow without
compromising the mechanical properties. The variable parametersemtitdares were

the dosage of super plasticizers and whieder ratio. Spread flow values were determined
through flow table test and compression strength test was conducted on 50 mrraubes.
this purpose, UHPFRC mixture was prepared and 50 mm cubesast,as shown in
Figure 334. Trial mixtures were tested for consistency. ASTM C1437 standard test method

for measuringheflow of hydraulic cement was used to comply with the recommendation
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outlined in Ductal reference TOOG6 (Operating Procedure Hiest). For this, themini
cone was filled withthe mixture and removed slowly to allow the mixture to flow evenly
on the table and then flow table was dropped 20 times and its average flow diaasete
recorded, as shown Fgure 334.The compression singth test was conducted on 50 mm

cubes. The details of these mixesl &est results are given frable3-8.

Figure 3-34 Casting of cubes (Left) and Flow table test (Right)

Table 3-8 Average flow diameter and compressive strength of trial mixes

Avg. Cube Avg.
Dosage of f c . C .
. Water- superplasticizer | .. ow ompressive Ompressive
Mix . diameter Strength Strength
Binder
No. X
ratio
% mm MPa| MPa | MPa MPa
1 0.145 3.6 162 170 | 169 | 167 168.67
2 0.15 3.6 170 165 | 162 | 157 161.33
3 0.145 3.7 180 156 | 149 | 144 149.67
4 0.15 3.7 190 139 | 150 | 140 143
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Mixture # 2had been selected for the preparation of strengthéhetgaterial As these
mixtures had been prepared in small mixers, so these properties suah thaw diameter
and cube compressive strength would be enhanced whenwiireyprepared in big
horizortal pan mixers as described in section 3%.3he procedure used for the

preparation of UHPFRC mixture had already been described in section 3.6.3.3.

3.6.3.5 Evaluation of mechanical properties of UHPFRC
Compressive strength test on cubes and cylinders, uniéxmgle strength test on
dogbones andlexural strength tesbn prisms had been performed to determine the

characteristics of retrofitting material,

3.6.3.5.1CompressiveStrength and Modulus of Elasticity

For determining the stress$rain behavioof UHPFRC under compression, thiedinders

of 75 mm diameter and 150 mm height were tested according to ASTM C39%thising
seup, as explained in section 2.6.Jafhd shown irFigure 336. The strength of UHPFRC

is more than Sulphur, so for the smoothnesnafs, if Sulphur capping is done will result
in thefailure of capping beforéhe failure of UHPFRC. Thereforsulphurcapping will

not work for this material. Or&de ofthecylinder was made smooth by cutting a thin layer
of rough surface with the hefg anelectrical cutter. The results of compression testing on
cubes and cylindsris presented ifable 3-9 and Table 3-10, respectively Figure 335
displays the averag#&tressstrain behavior of UHPFRC der compressiarFigure 336

shows hefailure mode of cubes and cylinder of UHPFR@der compression.
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Table 3-9 Cube compressive strength of UHPFRC

Stress (MPa)

Compressive Average Cube
Specimen ID strength Compressive Strength
MPa MPa
Cube 1 170
Cube 2 171 170.33
Cube 3 171
160
140
120
100
80
60
40
20
0
0 1000 2000 3000 4000 5000 6000 7000

Strain (micro strain)

Figure 3-35 StressStrain behavior of UHPFRC under compression
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Figure 3-36 Test setup for Compressive strength test (left) and Failure modes of specimens (righ

The loaddeformation data acquired from comgs®n testing was used to determine the
modulus of elasticity of UHPFRC according to ASTM69. The procedure and equations

adopted to determine thOE as per ASTM C469 discussed in detail in section 2.6.1.2.

The test results of MOE is presented able3-10.

Table 3-10 Compressive strength test results of UHPFRC

Compressive Average Cylinder Average
Specimen strgn h Compressive MOE MOEg
ID 9 Strength
MPa MPa GPa GPa
Cylinder 1 145.9 52.9
Cylinder 2 140.8 1451 49.7 52.4
Cylinder 3 148.6 54.6
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3.6.3.5.2Flexural strength or Modulus of Rupture

Flexural strength of concrete was commonly representaghyameter named as modulus
of rupture. According to ASTM C78, fopointsflexural loading was applied on the prism
having size 40x40x160 m. The test was pfrmed using Instron 1198niversal testing
machire withamaximum capacity of 250k LVDT was placed at the centefrprism for
measuring the midpan déection. Figure 337 displays the complete testgptfor finding

the flexural stength The test was displacement control éimelload was applied dhe rate

of 0.5 mm/minute. The loadeflection data was recorded using FB@& portable data
logger.Figure 338 shows the loadieflection response of prism specimen under four point
flexural loadirg. MOR was calculated usingqg. 3.4andthe resuls are presented in

Table 311.

(3.4)

8_“ CA
S| 2,

where:

Y 3DIORDO OBDA([MBAE

P =Peak loadN)

0 Length(mm)

b = Width of prism(mm)

d = Depth ofprism(mm)
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Figure 3-37 Test seup for flexural strength test of UHPFRC

Loqad (lgoN)

N
1

N
1

0 0.5 1 15 2 25 3 35
Deflection (mm)

Figure 3-38 Load-deflection response of prism under four point bending

Table 3-11 Modulus of rupture of UHPFRC

Modulus of Average Modulus of
Specimen ID Rupture Rupture
MPa MPa
Prism 1 31.9
Prism 2 30.34 31.22
Prism 3 31.43
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3.6.3.5.3Direct tensile test

The drect tensile test was executed on dmme specimert® characterize the retrofitting
material in tensionThe sgcimen geometry is shownkigure 339. The direct tensilesist
was performed using InstroB589 Universal testing machine available in structural
mechanics lab of KFUPMFigure 339 shows lte compéte test setuprhe concrete is
characterized by average direct ténstrength 0f8.51 MPa Figure 340 displays the
stressstrain behavior of retrofitting material under uniaxiahsile loading Stressstrain
behavior highlighted the growth aficro crackingup to 2000 f. After peak stress, strain
value represented the crack mouthempg. Stresstrain behavior highlighted strain

hardening up to 2000¢followed by stable and gradually degrading softening behavior.

120,
N
N
AN D
o
o
O
S
, 40

Figure 3-39 Test seup for direct tensile strength test
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Figure 3-40 Stressstrain behavior of UHPFRC under tension

3.6.4 Sikadur® -32 LP

For upgrading the BCJ stdssembly prefabricated UHPFRC plates were attached to

NCSS using Sikad®-32 LP.It is available in &g (A+B) packageas shown in
Figure 3-41. It is 2-part structural epoxy bonding agent and adhesive for concrete
elements. The mechanical properties, as given in pratitatsheet are described

in Table 312

Figure 3-41 Packaging ofSikadur® -32 LP
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Table 3-12 Mechanical properties of epoxy primer

Curing temperature
Properties Curing time
+23C +30°C +40PC
Compressive Strength _ _ N
(MPa) 14 days 39 43 56
Flexural strength (MPa] 14 days ~38 ~38 ~42
Tensile Strength (MPa)] 14 days ~22 ~24 ~25
Bond Strength (MPa) 7 days >3 - -
Tensile Emodulus
(MPa) 2750
Flexural Emodulus
(MPa) 14 days ~2600 - -
Compressive Enodulus N
(MP3) 2100

3.7 Testselup details

A special test sap and devices were designed and mounted to achieve the idealized
boundary and loading conditions as much as possible to \BGidhwas subjected during
ground motion So, for simulating the three inflection points in théuat structure, as
shown inFigure 342, moment release was provided at the top and bottom end of columns

ard at the end othe beam. Figure 33(@) and (b) shows the deformed shape of BCJ
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sub-assembliesinder seismic shocks. FigB-43(a)represents the deformed shape of BCJ
sub-assemblages whehe structure is sukectedto ground movement from right to left
However, Figure3-43(b) accounts fothe deformed shape of BCJ saksemblages when

the structure is sulgictedto groundmovement from left to righignoring the Pp e f f ect

which daesnot affectthe performance of BGiks per ACI 31814.

Figure 3-42 Deformed shape of RC frame under seismic activity
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Figure 3-43 ldealized BCJsub-assemblages
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Figure 344 shows the schematic view of test specimen inside theesdfion steel loadp

frame with the loading apparatus and load measuring devices maoortearacterize the
performance of specimens in its original stdbe test specimens were loaded in the
verticd position to simulate the reéilme event asearthquake resulted arepeated and an
alternating tensile and compressive stressdeistructural elements which werehieved

by the application of alternate push and pull at the beanT li@.specimen was held in
place by pin supports at the top and the bottom entteablumn through steel rods and
plates. The BCJ sufissemblies were tested under a displacement control multipurpose
testing systenwith aloading capacity of 1200 kN and 30N kn thevertical direction. For
specimens of group 1, CAL of different magnitudeading to their loading protocol and

for specimens of group 2, CAL of 150N(10% ofcolumn axial load capacityvas applied

at the start of test by using the Higdlic Jack A of capacity 1200\kpositioned between

the column top end and load cell which had a direct contact with steel loading frame.
The lowercolumn was fixed to strong epoxy coated floor by a pin support. CAL load was
measured through Load Cell A placed over the hydraulic jack A. The cyclic load was
applied at the end @he beamusingHydraulic Jack B of 300 capacity. The hydraulic

jack was mounted vertically and reacted against a steel frame from one end and applied
load through stdelates. Two load cells labedl ad_oad Cell B and Load Cell @ereused
between the face of beamdiload transferring element of Hydraulic Jack B for measuring

the reaction developed at beam tip in push and pull actions.
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Figure 3-44 Schematic view ofTest setip



3.8 Instrumentation

3.8.1 Introduction

Test units were highlgquipped with external and internal instruments to monitor beam

shear and column axial forces, beam tip displacerttejobal translation of the system,

strains in concret strains of reinforcing barmnd crack monitoring. Beam shear and

column axial forces were applied through hydraulic jacks and monitored through load cells.
Beam tip displacement was captured throluigiear moton transducerstee| and concete

strain gauges were mountea monitor strains in UHPFROnd steel reinforcementhe

global motion of the complete system was captured thrdughD Trdosinted at the top

and bottom end dhecolumnand c¢crack mouth opening was me

displacement transducers.

3.8.2 Beam Shear and column axial Forces

The two hylraulic jacks of capacity 1200 kN and 309 were used to apply column axial

load and beam shear force, respectively. Hydraulic jack used to apply force at beam tip was
operded under displacement contrbllowever hydraulic jackA for column axal loadwas

driven by force control. These forces were monitored thrdo@th cells. Three load cells

were used to measure column axial and beam shear forces. These load cells were calibrated
before testing. The capacities of load cell By,and C are 200tf, 100 tf and 50tf,

respectivelyFigure 344 displays he location of these load celin the test setup.
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3.8.3 Beam tip displacement

Beam tip displacenm, which was used to plot loatisplacement response of test units or
hysteresis behavior of specimerasvmonitored through linear motion string transducer

manufactured by Patriot Sensors and Controls Corporation

3.8.4 Global translation

Thed obal transl ation was monitored through
plates used in hinge support systemhat top and bottom ends of columas shown in

Figure 3-45. The readings of t hes eaen the\inlpdséds wer e
displacement monitored through string transducer to find the Bctualposed

displacement at beam tip.

3.8.5 Joint Shear deformaton and crack monitoring

To measure shear deformationsiej oi nt , i n addition to strai
installed diagonally orthe joint frontand back face in case afreference specimen,
designated asd. However,for upgraded specimenthes e LVDTO6s wéehee shi f
beamjoint interface to monitor the crack mouth opening. So, two different arrangements

of LVDTG6s were adopt e dspetimans, asesHownrineFigor&3 and u
and Figure 316, respectively. Inhe case of upgradeunits crack opening was monitored
through t wo L VD T2686displacement tramsducénd whiBhlwere mounted

to thebeamjoint interface, as shown iRigure 346 (a) and (h)Figure 345 showsthe

seup forreference specimen and Figurd@shows the set up for the upgraded specimens.

The differences between two Iinstrumentatio
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displacement transducers for crack monitoring which were not tmedeference

specimen.

3.8.6 Concrete Strain gauges

A total of 11 concrete strain gauges were mounted on each specimen to measure the
deformatiors and straig in the concrete at critical locatigrnas shown iFigure 345 and

Figure 346. Of these, two concrete strajauges were mountedtimevertical direction on

thefront and back face ohe top column to ensure the concentric application of axial load,

as far as possible becausepP h a dbeem aorisidered in the preseedearch work. The

joint area was gauged with fouran gauges mounted diagonally,tiae front and back

face of joint to monitor tlke shear deformation and strains. Top and bottom fact®e of

beam near the joint area which is the most crucial flexural zone were gauges with two strain
gauges. One concrete strain gauge was mounted at the face of column opposite to beam to

measure the strain tite onset of reinforcement rotation or slip.

[’mmfml

LVDT to measure
global translation

LVDT to measure
LVDT to measure | ‘ global translation
joint deformations

Lml,,,,,,,,fﬁ e

a) Front view
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b) Back view

Concretre Strain Guage LVDT

Figure 3-45 Schematic diagram of external instrumentation ofcontrol specimen

91



LVDT to measure

LVDT to measure global translation

crack opening

LVDT to measure

LVDT to measure global translation

crack opening

= s .
ra s

a) Front view

b) Back view

Figure 3-46 Schematic diagram of external instrumentation of upgradedpecimen
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