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Abstract

The effectiveness of a repair strategy, for damaB€&d beam-column joints, that combines strain hargdgn
cementitious composite (SHCC) and laminates ofaafibre reinforced polymers (CFRP laminates) seased in
the present work. According to this technique, Exgsconcrete cover in the joint zone of the fraseeplaced by a
self-compacting SHCC. This thin layer of SHCC ismferced with CFRP laminates that are bonded ihtostaw cut
grooves. Two full-scale severely damaged interi@ Beam-column joints were retrofitted using twofefiént
configurations for this technique: (i) applying thieengthening system in the front and rear faééseospecimens;

(ii) jacketing all sides of the elements of the @p®ns with the strengthening system. The effenti¢e of these
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retrofitting configurations are assessed and coetpdny evaluating experimentally the hysteretic oese, the
dissipated energy, the degradation of secant stiffnthe displacement ductility and the failure esdf each
repaired specimen, and also using the values eétlmelicators obtained in the virgin state of thegsecimens. This
comparison revealed that the adopted retrofittimgtegies can restore and even enhance the perioend this
type of structural elements, mainly when the solutbased on four-sided jacketing is used.

Keywords:. Strain Hardening Cementitious Composite (SHCCYpGa Fibre Reinforced Polymer (CFRP); Hybrid

Composite Plate (HCP); Interior Reinforced Conc(&€) beam-column joint; Cyclic behaviour; Retrtfig.



1. Introduction

Seismic deficiencies of RC structures designed dasepre-seismic provisions, such as pre-1970thdimgjs, is
figured out in both experimental tests [1, 2] afsbgpost-earthquake observations (e.g. Turkey 1289 Italy
2009). These vulnerabilities are mostly due toléok of seismic design and detailing of these $tmas. Among
the structural components of a framed-structurgjrbeolumn joints play the most significant roletie lateral
stability, since a brittle failure at the joint feg may result in a progressive collapse of a lwgdTherefore, both
energy dissipation and ductility capacities of thefructures, when a seismic event occurs, higbpedd on the
stability and deformation of the beam-column join®ontinuous damage due to aging effects, everhaset
structures designed based on seismic oriented caldesmakes them vulnerable against earthquakes.

Several strategies for seismic retrofitting of th@soup of structures are available, such as f@ekéting, cast-in-
place concrete/RC jacketing [3], shotcrete jackef#l, epoxy injection repair [5], application ofdfe Reinforced
Polymers (FRPs) [6-9].

Li et al. [10] showed that the interior RC beam-column jgican be strengthened by using a ferrocement jasket
the replacement of the exiting concrete cover #icat regions of the framed elements along withbedding
inclined bars in the joint region. High performariidee reinforced composites (HPFRC) were used lignfag and
Alhassan [11] for the strengthening of 1/3 scaterior beam-column joints containing vulnerableaileig against
seismic actions. A 25 mm thick jacket of HPFRC atwg critical regions of column-joint and extendiog to a
100 mm on the beams of the specimens were the ediggitengthening configuration. The results of this
experimental program have revealed that HPFRC fackan significantly improve the seismic respon$e o
deficiently detailed interior beam-column jointsowever, this jacketing solution has increased tingedsions of
the cross sections of the elements in 25% to 478#ghwcan be a real obstacle on the use of thisitqak in certain
applications. The experimental program performedibgnos [4] was focused on the strengthening ofstéle
exterior beam-column joints by adding a new stagkcreinforcement that was covered either withcskte or cast-
in-place cement based materials. Based on thetsesuthis experimental program, Tsonos [4] stdked both cast-
in-place and shotcrete solutions provided a sigaift improvement in the seismic response of thpe tpf
structures. A superior performance of the castlatg solution in respect to the shotcrete technimagnly in terms
of energy dissipation capacity, was observed atibated to a better covering of the added steelchge that was

assured by the former technique. Considering arease of 140 mm in each side of the column’s csession of



the 1/2 scale specimens, inacceptable interferenneresult in terms of architectural and functioreduisites.
Wang and Hsu [12] a satisfactory performance ofsfnengthening effectiveness of RC jacketing ofunuts of
beam-column assemblies with shear deficiency injdire region. For this case, the adopted thickrasthe RC
jacket resulted in an increase up to 67% in theedsions of the column section.

Strain hardening cementitious composite (SHCC) islass of Fibre Reinforced Concretes (FRCs), with t
character of developing a continuous increase sf-packing tensile capacity up to the stress Ipatibn at one of
the multiple formed cracks for a relatively highmsée strain. The formation of multiple diffuseditiae cracks
through all the loaded length of the specimen dutive hardening stage assures levels of ductibtypossible to
attain in conventional FRCs. By testing in bendimgsonry elements strengthened with a thin layeSldCC
applied to their tensile face, Esmaeeli et al. [d8onstrated that higher load carrying capacity dnctility is
achievable when compared to flexural strengthemveghodologies based on the use of thicker layersetff
compacting steel FRC. Recently Esmaeeli et al. fideloped a thin prefabricated hybrid compositeep(HCP),
composed of SHCC and CFRP laminate, with a higlility potential. By performing some experimentiests,
they demonstrated the high efficacy of the HCPHfierrepair and the strengthening of the differgpes of the RC
elements including retrofitting of damaged beamsout joints.

In this paper an experimental program for the assest of the effectiveness of a retrofitting tecjua for damage
interior RC beam-column joints by casting-in-pl&8ECC and further reinforcing that with CFRP lamésis
described, and the main obtained results are presgamd discussed

Both the fine graded matrix and the high conterftyoésh in the skeleton of SHCC can promote thenftion of a
relatively high bond quality at the interface beéweSHCC and existing concrete. A high strain cdpdstrain at
maximum tensile strength of composite) and a togatk width, often and in average smaller than 160up to the
ultimate tensile capacity, is known as a durablmposite cover and expected sufficient confiningspuees at
relatively high strains. In fact, the results oéyious studies showed that for the concrete pateligdSHCC, a
single crack with a large width formed in substrmtasforms to a multiple diffused fine crack ire thatch layer
which are typically impermeable and assure thehilityof the repaired substrate [15-17]. When SHiSQised to
repair RC elements with progressive corrosion efrthteel rebars, the risk of splitting and spallof this ductile

retrofitting cover due to the expanded volume @f thsted bars is minimized [18, 19]. Moreover, tiwesile strain



ductility of SHCC results in a high potential ofests redistribution at the bearing zones, theredgoéds premature
failure at this region when anchors used to enhahear stress transference between the retrofityeds.

The idea of reinforcing SHCC layer with bonded CHRRinates into the saw cut grooves benefits tlognassive
increase in tensile strength of the SHCC, at lepgb the rupture strain of CFRP laminate, gengab% to 1.6%.
This provides strain compatibility between these temposites while ductility of SHCC in combinatiofihigh
tensile strength of CFRP laminates may producesagthening scheme with a high toughness. Also ingndFRP
laminates as the supplementary tensile reinforcémeethe exposed face of the SHCC layer, in theléred state,
minimizes the obstacles during placing the frestfCEHA better bond quality control between SHCC &kRP
laminates can be expected too. Finally, the meshanif formation of numerous diffused micro crackd apening
and closing of those during reversal cyclic loaglsutts in a high capacity of energy dissipationchihis the most

desired character for seismic load resisting elésaen

2. Experimental Program

The experimental program is composed of retrofittiwo severely damaged full-scale interior beamteol joints.

The retrofitting methodology was based on replaaogcrete cover with SHCC in the joint region atahg the

critical lengths of beams and columns. To enhaheeténsile strength of this ductile layer, CFRPiteates were
bonded into grooves cut on hardened SHCC alongtbetlongitudinal and the transverse directionso hifferent

depths, 10 and 20 mm, for the grooves were adaptedier to allow the arrangement of the CFRP latgs in two
different orientations. An X-shaped configuratidrittese CFRP laminates, bonded in two differenéllewvas used
for the shear strengthening of the joint region.

The difference between the adopted retrofittingesobs for the tested specimens was the number e$ faicthe
framed elements that was retrofitted. While in apecimen only the front and rear faces of beamsputs and
joint were retrofitted, for the other specimentht external faces of the mentioned elements veetejed.

After retrofitting, these specimens were subjediedhe same test setup and loading pattern tha¢ weed to
characterize their lateral load-displacement respdn their virgin state. To evaluate the efficafythe adopted
retrofitting strategies the results obtained frévase experiments were then compared to the comdsppresults of

their virgin states.



2.1. Damaged Specimens
Two severely damaged interior RC beam-column joiésignated as JPA3 and JPB, were selected fignoug of
specimens that were tested in their virgin statthénambit of an experimental research program BhB thesis
[20]. Both specimens were identical in terms of lgregths and cross section geometry of their fraeledhents.
The only difference between these specimens wasiuhger of longitudinal rebars: more 4 longitudinabars
were used in the column of JPB. The lengths oforeams and columns of these specimens were takibie asid-
span and the mid-storey of a common RC buildindt baifore 1978, respectively. The mid-length of the elements
were used to facilitate the simulation of the baanydconditions in the experimental test since maniaftection
point of a RC frame under a lateral loading is exp@ to occur in the these zones.
According to the configuration of the most buildingonstructed before 1970plain steel bars were used as the
longitudinal and transverse reinforcement for bméams and columns. There were no transverse reamf@nt in
the joint region and 90° bended end was used ®rsthirups and hoops of the beams and columnsectsely.
More details about the configuration of the seléceecimens for the retrofit, JPA3 and JPB, areveha Figure 1.
Adopting a shorter length for the inferior colummsvdue to the limitation imposed by the test sethpch is
discussed further in this section.
The average compressive strength, measured in ib0ubes of concrete, was equal to 23.8 MPa witesdimated
characteristic compressive strength of 19.8 MPagsponding to the C16/C20 concrete strength @assrding to
the classifications of the EC2-1992-1-1 [21]. Byfpeming tensile tests, average values of 590 Mirh&10 MPa
were determined for the yield and the ultimate iterstrength of the steel longitudinal reinforcememrspectively,
with an elasticity modulus of 198 GPa.
A lateral reversal displacement history was impdsethe top of the superior column at the presexfce constant
axial load of 450 kN. This axial force introducegmvity load corresponding to an axial compressiress of
21.3% of the average concrete compressive strefih lateral load was constituted of a series spldicement-
controlled cycles, in push (positive displacememtyl pull (negative displacement) direction, withiacremental
magnitude up to 4% interstory drift. After threelgs of loading that introduced a drift level 018%, each level of
displacement was repeated three times, as it isrsiroFigure 2. The specimens were tested in abotal position

according to the test setup illustrated in Figuré8 it is shown in this figure, the shorter lengththe inferior



column of the specimen is connected to a steeleémith equivalent stiffness, to accommodate tiaelIcells and
pin connection at the bottom of this column.

The maximum load carrying capacity of 43.2 kN a®bXN was registered for JPA3 and JPB, respegtiatithe

drift levels of 2.7% and 2.3%, correspondingly.

As shown in Figure 4, in both specimens the extefitte damages included concrete crushing andirspat the

intersections of the beams and the columns, aner stiding of longitudinal reinforcement due torsfgcant bond

deterioration. Flexural cracks on the right beanbath specimens were localized at the beam-joietrfiace. The
main crack at the right beam of JPA3 and JPB spaténis at a position of 120 mm and 170 mm far flmram-

joint interface, respectively. There were minoxéleal cracks at the column-joint interfaces of JBBecimen JPA3
also has experienced severe damages concentratesl joint region, where two wide diagonal cracksénformed
and concrete cover has spalled. Additional inforamatbout experimental program and test resulthefvirgin

specimens can be found elsewhere [20].

2.2. Retrofitting Strategy

According to the adopted retrofitting strategy, tomcrete cover at critical regions of the damalgeam-column
joints is replaced with a thin layer of a castegyiace SHCC. Afterward, this layer of the SHCC weimforced
with CFRP laminates bonded to the saw cut groovethat according to the NSM technique. Chemicahane
were used to improve inter-laminar shear stressstesence between the SHCC and the concrete stébstize
rheology of the SHCC material, used in this studytailored to produce a highly fluid and self-camping fresh
state behaviour so that this composite can edsily dnd fill narrow spaces between the formworkg tire existing
concrete (gaps of less than 25 mm).

To the retrofitted JPA3 and JPB specimens, the natitin of the JPA3-R and JPB-R was attributed, aetbgely.
As mentioned before, the adopted retrofitting sabeifor the specimens differed according to the remolb faces
of their elements which was retrofitted. While RAB-R only the front and rear faces of beams, coliand joint
were retrofitted, in JPB-R all the external facéthe mentioned elements were jacketed.

The retrofitting process was applied with the spesis positioned horizontally and in two stepsbéjore and (ii)

after turning the specimens. Following the detaflsach step of the retrofitting strategy are désct.



2.2.1. Concrete Cover Removal and Replacement
Details of the retrofitting schemes are presentdeigure 5. The retrofitting length for both beaamsl columns was
taken as twice of the section depth of the cornedjppy element. Therefore, using a jackhammer coac@ver was
removed in the joint region and also in all latdeades of the beams and columns of both specineere leEngth of
800 mm and 600 mm, respectively. The concrete coves initially removed up to a depth to expose the
longitudinal reinforcements. Afterward, in an effaf increasing the interface area between castqiace
materials and existing steel bars, the removahefdoncrete cover continued up to attain approxédtalf of the
diameter of the longitudinal bars. To seal the taxiscracks, boreholes were drilled through theckea sections.
After cleaning the holes using compressed air, sdiwneter pipes were placed inside them, there¥p@sed crack
development at the concrete substrate was sealkkdepoxy resin SikaDur-52 was injected. After tugnithe
specimen, the injection was repeated to assurettbairacked section was sealed as much as passible
Wooden formworks with interior varnished faces wiarstalled to cast the cement based materialsldibeal faces
of columns and the top and bottom faces of the keafniPA3 were casted using a mortar that was¢hesd for 7
days (see Figure 1 for the nomination of the farfahe elements of the beam-column joints). Aftes tperiod of
curing, the top edges of the hardened mortar warghrened and fresh SHCC was placed.
For the case of JPB, a continuous placing of SH@@&isg from lateral faces of the columns and tyeand bottom
faces of the beams, and then moving to the fraze & the specimen was followed.
Considering the variation in the thickness of tRisting concrete cover, between 16 and 20 mm, am¢thamum of
20 mm thickness required to accommodate two lagér€FRP laminates in the SHCC layer, a 5 mm higher
finishing level for the SHCC was adopted, as meaurom the level of the existing concrete covertre
extremities of the retrofitted regions.
The self-compacting character of the SHCC andigh fiuidity eliminated the need to any externdration. Only
the exterior face of the fresh SHCC was levelledisipng a thin long metal bar, with a rectangulassrsection, for
the finishing purpose.
It should be noted that before casting the cemasédh materials, the concrete substrate was satwrittewater in
order to assure a better interface bond and a Idaleof developing shrinkage cracks.
One day after casting the SHCC the formworks wereaved. A wet curing procedure was followed foleaist 7

days as it was reported the most appropriate cfdn@HCC [22]. After at least 17 days of castihg ISHCC,



grooves were executed on the SHCC according tadh@gurations showed in Figure 5. These groovestham
of width, and 10 mm or 20 mm of depth, dependinghanlevel adopted for the installation of the CHRRinates.
Before inserting the CFRP laminates, the groova® wkeaned by using compressed air, and then filiglul epoxy
resin S&P 220 as the bonding agent. Afterward, CRR#fnates that were previously cleaned with acetevere
placed inside the grooves.

After turning the specimens the same retrofittimgcpss was applied to the rear face, namely: remaivéhe
concrete cover, sealing of the cracks, roughertiegdp edges of newly casted materials, placindrdsh SHCC,
curing of SHCC, cutting the grooves and insertifdR@ laminates.

For the case of JPB the grooves were also cut@BSHCC casted on the lateral faces of columns laadop and
bottom faces of the beams, and pair of CFRP laminatas bonded into these grooves according to &igur
Therefore, for the case of JPA3-R, the longitudneahforcement comprised pairs of continuous lait@gan each
of the front and rear faces of the beams and caduisee Figure 5), while JPB had a similar CFRPhgtreening but
also with extra pairs of CFRP laminates bondechtodach of the lateral faces of its columns, amdttip and
bottom faces of its beams. CFRP laminates bondéebletdateral faces of the beams and columns weméneeed
beyond the interface of these elements with tha jaigion, where the occurrence of the largest imgnehoments is
expected (moment critical sections). For this pagyaan inclined drilling was used to execute thiedioAfter
placing the CFRP laminates, the epoxy resin waiafg. The bond length of 100 mm was adopted fEselCFRP
laminates after moment critical section (anchorbkeggth), since a minimum of 90 mm is characteriasdthe
required bonding length to fully mobilize potentiahsile strength of this type of CFRP laminate3.[2

The adopted spacing for transverse CFRP laminatd®tih JPA3-R and JPB-R was 100 mm (Figure 5).nin a
attempt to increase the shear resistance of théregion, a pair of CFRP laminates with an X shegefiguration

was applied on each front and rear face of the jeigion of both specimens.

2.2.2. Installing Chemical Anchors
Chemical anchors were installed before and afteirig the specimens, when the SHCC was cured stt 2adays.
These 10 mm diameter anchors (HIT-V-8.8 M10X190yememounted inside the holes perforated on the beams
columns and on the joint region, at the positicgiresented in Figure 5. Before mounting the anghbesholes
were partially filled with Hilti Hit-HY 200-A, whit is a fast curing injectable bonding agent. An edu®d length

of 145 mm was assured for the anchors, measured the finished surface of SHCC. A torque of 3@hNwvas
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applied to fasten the nuts and partially confire ¢bncrete substrate. Figure 6 shows a view o§pleeimens after

have been repaired.

2.3. Material Properties of Retrofitting System
The self-compacting SHCC was composed of a cenmmitmortar reinforced with 2% of volume short dete
PVA fibres. The PVA fibre used in this study hateagth of 8 mm and was produced by Kuraray Compeitly
the designation of RECs 15x8. The average tensiéssat crack initiation and the average tensikngth of the
SHCC was 2.43 MPa and 3.35 MPa, respectively, aithinimum tensile strain capacity of 1.3%. Moreadlston
mixture ingredients, mixing process and test sefujne SHCC can be found in [10, 13, 22]. From iaibtensile
tests carried out according to the recommendadiSO 527-2:1996 [24] on seven days cured of simbbell-
shaped S&P 220 epoxy resin, an average tensilegstref 18 MPa and average modulus of elasticitg.8f GPa
were obtained. Tensile properties of CFRP lamin&&P laminate CFK 150/2000) with a cross section of
1.4x10 mm were characterized following the procedure prodasd SO 527-5:2009 [25]. From the tests executed
in six coupons, average values of 2689 MPa, 1.6618% GPa were obtained for the tensile strendthinsat

CFRP rupture and modulus of elasticity, respectivel

24. Test Setup and Loading Pattern
The test setup, lateral load history and gravigdiased for testing virgin specimens were adoptedeisting the

retrofitted specimens.

3. Resultsand Discussion

3.1. Hysteresis Response
Figure 7 shows the hysteretic responses of botjinviand retrofitted specimens in terms of latecald versus
lateral displacement (and drift) registered atttpeof the superior column. Both retrofitting tedures resulted in
stable loops with smooth decay of load carryingac#y in the post-peak stage of the structural asp. The
values registered for the maximum lateral l0Bg @nd its corresponding driftd£) for specimens in the retrofitted
and virgin states are listed in Table 1. The inseekevel in terms of lateral peak load after réttiofy is also
indicated in this table. According to the obtaimesgults, the retrofitting technique adopted for 3HRrecovered up

to 93% of the maximum lateral load carried outfig specimen in its virgin state, calculated asaerage load in
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the positive and negative directions. Applying tétofitting technique to all lateral faces of fh@med elements, as
was done in JPB-R, resulted in a significant inseegn terms of lateral load carrying capacity. Tihisrease was
+48.9% and +44.5% for negative and positive dicetdj respectively, when compared to the correspgneilues
recorded in the virgin state of this specimen (JPB)

For both strengthening techniques the average vafiube drift corresponding to the maximum lateladd, in
negative and positive direction, has decreased. ddm be attributed to a lower shear deformatidheajoint region
due to the contribution of the strengthening schano®nfining the concrete of the joint core, atgban increasing
the shear stiffness of the joint panel, up to tbakdoad.

For each specimen, the residual lateral load cagrgapacity at 4% driftF,,,) was compared to the registered peak
of the lateral loaqF,) according tax = [1 - (F4%/Fp)]%. The degradation of the peak lo@d) was calculated for
both virgin(a,,) and retrofitted specimeria). The amount of this degradation was 21.85% an@%2%or JPA3-R
and JPB-R, respectively, which are the averageegafar negative and positive loading directions.ilé/at the
same drift level, JPA3-R had almost the same pea#t Hegradation as JPA3 (22.35%), correspondingevialr
JPB-R was much higher than JPB (3.7%). Larger diegi@n in the peak load of JPB-R, as compared B, &
associated to different damage evolution and failmodes of these specimens. In fact, in companigtn JPB,
JPB-R attained higher level of lateral load; theref higher shear stresses were applied to it$ jegion at the
ultimate state. This resulted in an eventual dantageentration in the joint region. In the othentiathe lateral
load carrying capacity of JPB was limited by therpature flexural capacity of the beams, which weassed by the

sliding of their longitudinal rebars that is expatto have smoother load degradation.

3.2. Damage Evolution and Failure M odes
Figure 8 shows the pattern of the developed mimoks, and major damages registered at the ertbdést on the
front faces of both specimens. The surface of tHEGS was painted with a transparent concrete varhiefbre
testing the specimens. At the end of the testdhiface was sprayed by a penetrating liquid toakenecro cracks
difficult to detect at necked eyes. The schemapresentation of these damages is showed at theidef of the
corresponding photo for the purpose of better assest of the developed damage. The damage evoligion
described in the following paragraphs.
JPA3-R: The first series of cracks has initiated at thelecorresponding to 0.33% of drift. These craclkesew

formed at the top face of the left and the righarhe at a distance of 100 mm from the lateral fafeke column.
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At cycles corresponding to 0.5% of drift, crackgte bottom faces of both left and right beams, ragtnic to the
cracks on top face, were observed. Some relatidingl between retrofitting layer and concrete stdist was
observed when cycles of 0.83% drift were reached.

The first series of the inclined cracks at the fiorcof the beams and columns was observed iroaH €orners at
the cycles corresponding to 1% of drift. Furthere@ase in the lateral displacement at the topestiperior column
resulted in the progress of these cracks intorttexface of the epoxy adhesive/SHCC of the bondstiape CFRP
system at the joint region. Thus, for any largepticement demand, damages were localized at ititer¢gion in
the form of progressive separation between theepdkesive and the SHCC. Finally, at drift cyclé4.67%, due
to the load reversal effects, the debonding wa®stmprogressed along the entire length of the atésnef the X
shape CFRP configuration. As a consequence ofifiending, a total loss in contribution of thesdiimed CFRP
laminates as a part of shear resisting mechanistheojoint region was occurred. Thus, shear faibfr¢he joint
region was the governing failure mode of JPA3-R.

JPB-R: The onset of the first series of cracks was atstiteof cycles corresponding to 0.5% of drift. Tlhesacks
were formed at the top and bottom faces of thedetét right beams in a distance of approximatelyn®d far from
lateral faces of the column. The inclined crackthatjunction of the beams and columns were itytifdrmed at
cycles corresponding to a drift level of 0.83%. Bamto the case of JPA3-R, these set of crackalteds in a
progressive debonding along the interface of epaXyesive/SHCC of the X-shaped CFRP system at fin¢ jo
region. At drift cycles of 1.67% this debonding vedeady progressed along the entire length ofrtblined CFRP
laminates. At the same cycles, the longitudinatldbars at the top face of the right beam staxduave significant
sliding, so that the concrete cover perpendicadlahé bended end of these bars was cracked. Al iewdiscussed
in the next section, sliding of these rebars reslith degradation of flexural capacity of the beavhen the top face
of them was in tension. The non-symmetrical resparis)PB-R, in negative and positive loading dimw, can be
caused by this phenomenon. At the next sets ofcyletes, corresponding to 2% of drift, the alreadscked
concrete cover over the bended region of theseviassspalled off. Afterward, any further increasdaiift demand
just followed by widening of the existing X-shapecks at the joint region. Therefore, the shedurfa at the
panel of the joint resulted in degradation of latdoad resistance of JPB-R in both negative argitipe loading

directions.
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3.3. Flexural Strength of Beams
Equation (1) represents the static equilibrium leemvthe maximum developed moments at the left badight

beams with respect to the lateral force at theofape column.

Mp—-M|,
L¢

Ve = (1)

whereVc is the shear force in the columM, andM; are the values of the internal bending moment Ideeel at
the beam-column interfaces of the right and thedeém, respectively. The sign of the bending mdrizeassumed
positive when the bottom face of the beam is isitamand negative when this face is in compressiokq. (1),L.
is the total length of the column between its laltesupports (1.5 m + 1.5 m). According to equat{@p any
reduction in the flexural capacity of the left aght beams may result in the loss of lateral capadi the beam-
column assembly, unless this reduction could bepemsated through the moment redistribution to oplzets of
the structure.

The maximum moments of each of the left and rigrdrbsversus the drift demands were calculated, at a distance
50 mm far from beam-column interfaces, by consitgthe force values registered in the load celtseguilibrium
conditions, and the obtained results are illustrate Figure 9. Note that in this figure, for thensenience of
understanding, the multiplied value of My -1 is presented. Thus, the beams” bending mtsnoemnresponding to
the negative and the positive loading directioesmesented in the first and the third quadrantsasfesian system,
respectively.

According to Figure 9a, the maximum bending momelggeloped in the left (M and the right (M) beams of
JPA3-R, during the negative displacement, were B&XNT and -3% kNI both at a drift level of -1.64%.
During the positive displacement, the left and tighit beams reached their maximum bending momdi3.04
kN and +71.17 kN, at drift levels of +1.65% and +2.65%, respedjive

As depicted in Figure 9b, the values of maximumdieg moments for JPB-R in the left and the rigtdrs, during
the negative displacement were +108.81thk\at a drift level of -2.62% and -57.16 ki at -1.62% of drift,
respectively. The developed maximum bending monfienthe positive displacement, in the left and tight
beams were -55.64 Kii and +107.46 k& at drift levels of +1.66% and +2.33%, respectivél sudden reduction

observed in bending moment capacity of the riglatnbeluring negative loading at drift cycle of 1.6{®Btgure 9b)
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was caused by a significant sliding of longitudibats at the top face of the right beam, as disclissthe previous
section.

The registered maximum bending moments for theseisgns during both the positive and the negatieelihg
displacements are also indicated in Table 2. Is thbleM;", M;, M} and My indicate the positive and negative
bending moments in the left or right beams. Comesing values for their virgin state and the petage of the
increase in their flexural capacities achievedratte retrofitting are also reported in this tabdecording to this
data, after retrofitting, in average and for theipee bending moments, up to 88% of flexural cafyaaf the beams
of JPA3 was recovered. For the negative bending emsn the flexural capacities of the beams in wigjate were
fairly restored. The retrofitting system adopted 3&B, however, provided a much larger increaseesisting
bending moments of the beams. Based on this reingfitechnique an average increase of 49% and foto%he
positive and negative moments were obtained, réispéc

It should be noted that the values registeredléxufal resistance of both retrofitted specimensidbnecessarily
represent the flexural capacity of the beams, stheedegradation in beam-column joint shear capaeits the

prevailing failure modes of both specimens.

3.4. Dissipated Energy
Energy dissipation capacity of a RC element isctesequence of inelastic deformation and damageagedion.
Opening and closing of cracks contribute signiftbato the energy dissipation capacity, as wellefifore, for
SHCC material with the potential of formation mplé diffused micro cracks, a high level of energgsipation
under cyclic loadings is expected. The amount gkigated energy per cyclg;, can be calculated from the
enclosed area in each loading cycle, as presenyethd hysteresis response of lateral loasus lateral
displacement. Summation of the dissipated energly spect to the increment in lateral drift resutt cumulative
dissipated energy up to each given level of inteystlrift. The evolution of the dissipated energy ffetrofitted and
corresponding specimen in virgin state is presemédgure 10. During all loading steps, both réttimg solutions
have provided a cumulative dissipated energy higinen the one registered in their correspondingiwistate. In
this respect, the retrofitting solution applied JRB specimen was more effective. In fact, at 4%dnift the
cumulative dissipated energy of JPA3-R was 44.d&kNvhich was only 5% larger than the correspondige in

JPAS3, while the JPB-R reached 53.4ikNndicating an increase of 95% comparing to vakleulated for JPB.
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3.5. Secant Stiffness
Degradation in the stiffness of a beam-column joar progressively occurs when it is subjectecetensal cyclic
loading. To assess the stiffness degradation,ebans stiffnesskj, is estimated during the drift evolution, and its
relationship is represented in Figure 11, for kbthspecimen in the retrofitted and virgin staldse secant stiffness
is taken as the slope of the straight line whichnazts the peak loads at the positive and the ivegdisplacements
of the loadversus displacement envelop at the first cycle of easkllef imposed drift. According to this figure, the
retrofitting technique adopted for JPA3-R has jestored 82% of the initial secant stiffness o$ tspecimen in its
virgin state, while the technique applied on th8-FPhas almost restored the initial secant stiffnegistered in
JPB (its virgin state). This can be explained bgss effective bond between the casted mortartadltd concrete
of JPA3-R.
Considering the degradation of the secant stiffrreshie end of each sets of loading cycles, JPA&R greater
secant stiffness than JPA3 between loading cyde®gsponds to 0.13% and 1.67%. After 1.67% thergestdfness
of the retrofitted and virgin state was fairly siani For the case of JPB-R, after 0.13% of drifie adopted

retrofitting scheme resulted in a slower degradhitiosecant stiffness than its virgin state.

3.6. Displacement Ductility

Ductility is the potential of a lateral load regigt system to undergo large inelastic deformatioringy its post-peak
regime with only slight reduction in its ultimatatéral load carrying capacity. The ductility is geally quantified
as a normalized displacement or a rotation ind@edding if the ductility is aimed to be assessettims of global
or local behaviour, respectively. For the caseheffiresent study, the displacement ductility in¢ley is calculated
as the ratio of the ultimate lateral displacem@hf) and the displacement at the yield po{idl;), Figure 12. The
ultimate point can be defined as the displacememesponding to a load level in the post-peak respoof the
specimen that is a fraction of the peak Ic(ah?g). According to the available literature, this ratdan be taken
between 10% and 20% [26-28]. The yield displacemsantbe obtained from a bi-linear curve assumingvadent
elastic-perfectly plastic response. To estimate Hiilinear curve, two conditions should be fuéfdt (i) the area
under this curve should be equal to the one oéthelope of loadersus lateral displacement, and (ii) the deviation
between these two curves, measured based on thki@bsum of the areas enclosed between theses;geuld

be the minimum (see Figure 12). The displacemeutilidy index is then calculated as the ratio betwethe
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ultimate and the yield displacements. In this cehié was assumed for the ultimate displacement d¢he
corresponding to 10% loss of the peak IéaﬂFp). The envelope of the loagrsus drift, and also the equivalent
elastic-perfectly plastic curves estimated for bihté retrofitted and virgin specimens are preseinegigure 13.
Table 3 also indicates the yield and the ultimaspldcements obtained for the calculation of thepldicement
ductility index for the positive and negative loaglj whereus anduf are the ductility for the specimen in the virgin
and retrofitted state, respectively. The reportedtitity index is calculated as the average dugtilising the
corresponding values of displacement ductility othopositive and negative displacements. It isfiegtithat, for
both retrofitted specimens the average of the yi@glacements, in negative and positive directitias decreased
when compared to the average value registerech&ir torresponding specimens in the virgin state feduction
of the yield displacement is a consequence of Iatiéfness degradation assured by the retrofitiygtem, mainly
during the cycles up to 1.15% of drift. According the results included in Table 3, and comparingh®
displacement ductility registered in the specimiariss virgin state, the retrofitting strategy ressured an increase
of 56% and 12% in displacement ductility of JPAZuRI JPB-R, respectively. The higher increase iplaiement
ductility of JPA3-R can be attributed to the largkding between the retrofitting scheme and theccete substrate,

and also due to the existence of larger damageseedtrofitting of this specimen.

4. Conclusions

The effectiveness of retrofitting methodologiesjégketing the critical regions of two full-scaleveeely damaged
reinforced concrete (RC) interior beam-column jsinvas experimentally investigated. Cast-in-placeirst
hardening cement composites (SHCC) reinforced watton fibre reinforced polymer (CFRP) laminatesoading

to the near surface mounted (NSM) technique fornesrhain concept of the adopted retrofitting stratéigvo

variations of this retrofitting technique were apgl where the main difference is restricted to thenber of the
retrofitted sides of the sections of the elemeftsides in the JPA3-R and 4 sides in JPB-R spedmé&hemical
anchors were used to improve shear stress transtereetween retrofitting scheme and the existingcieste

substrate.

The developed SHCC was able to easily flow andH#l relatively small gaps between formworks arelghbstrate
without the need of any vibration, which is an intpat requisite for a cast in place retrofittingeirvention. Based
on the results obtained from experimental testsrevhgclic lateral loading under a constant columialeforce was

applied, the following conclusions can be pointett o
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1. Two-sided retrofitting system applied to theesely damaged JPA3 specimen was capable of regttirénlateral
load carrying capacity and energy dissipation pertnce, and increase the ductility registered énvingin state of
this specimen. The initial secant stiffness of gpecimen in its virgin state was, however, noaltptrecovered
(82%).

2. The four-sided retrofitting system applied ie Severely damaged JPB specimen assured a sighificease in
terms of lateral load capacity and energy dissipatthen the corresponding values registered insthésimen in its
virgin state are considered for comparison purpoddsigher increase of the flexural resistancetfer beams was
also obtained due to the presence of CFRP laminateéhe top and bottom faces of the beams, whick ha
contributed to decrease the sliding of the flexwtael reinforcement of these beams. This technivage also
decreased the rate of the stiffness degradatiomgltine cyclic loading process, and assured a higlwzease of
ductility than the two-sided retrofitting configui@n. In comparison with the substantial enhancdmaéained for
these mentioned seismic characters, the increadisptacement ductility was only 12%.

3. Although the governing failure mode for both cdpgens was joint shear capacity deterioration, nittld
response was observed.

4. Considering that the progress of the inclinextks in the joint region resulted in debondinguial between the
adhesive of the X-shaped CFRP laminates and theCSHffectiveness of this configuration of CFRP laates in
the joint region is under question. Therefore, biogda horizontal or vertical arrangement of tramsgeCFRP
laminates at this region is recommended.

5. A high capacity of stress redistribution in SH€&Sulted in multiple crack formation around an&tbregions,
but no bearing failure was observed.

6. The final geometry of the retrofitted specimess almost not affected by the proposed retrofjttimerventions,

but the seismic performance of these specimenssigagicantly improved.
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Table captions
Table 1: Maximum lateral load capacity and the esponding drifts of the specimens in the repaimedl rgin

states
Table 2: Maximum bending moments developed in gemis of the repaired and the virgin specimens.

Table 3: Data for the evaluation of displacemerttidity factor
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Figures captions

Figure 1: Details of adopted configurations for iterior RC beam-column connections.

Figure 2: Loading history adopted for the lateiiapthcement cyclesif: peak displacement for the corresponding
cycle or set of cycles).

Figure 3: Test setup adopted for the horizontdiyed specimens [20]

Figure 4: The extent of damages before retrofitihdPA3 and b) JPB.

Figure 5: Details of the schemes used for the fititing of the damaged specimens (dimensions in mm)

Figure 6: View of the retrofitted specimens a) JFAand b) JPB-R.

Figure 7: Hysteretic responses of the specimetisistrengthened and virgin states

Figure 8: Damage propagation and concentratioheafdilure of (a) JPA3-R and (b) JPB-R

Figure 9: Development of the resisting bending moina¢ the interfaces of the beams with column$#3IR and
b) JPB-R

Figure 10: Evolution of the dissipated energy dgitime cyclic loading a) JPA3-R and JPA3, and b)-8P&hd JPB.
Figure 11: Secant stiffness evolution in a) JPA&AH JPA3, and b) JPB-R and JPB.

Figure 12: Schematic representation of the definitof the equivalent bilinear curve for the evalomtof the
displacement ductility index.

Figure 13: Envelope of the load versus drift fothbthe repaired and virgin specimens along withafaivalent

elastic-perfectly plastic curves a) JPA3-R and JR&@l b) JPB-R and JPB.
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