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Abstract

Worldwide, it is well known the impact of earthqesk The vulnerability of the existing reinforced
concrete (RC) buildings to the seismic action hasimaportant role for these consequences.
Earthquakes have been also revealing the vulnayabfl the beam-column RC joints of framed
structures to the seismic action. In particularthi@ south of Europe until the eighties, the bRIlt
heritage may have significant deficiencies in thiatjregions due to the lack of recommendations in
terms of the seismic action. So, the upgradindgne$¢ structural components to the seismic action is
mandatory. Two distinct ways can be used: rebugdinretrofitting. The latter is usually followed
since it leads to less economic and ecological atsp&everal techniques to improve the performance
of deficient RC joints have been proposed.

In ambit of the present dissertation new retrofgtmethods for seismic action are explorer. For
that purpose four beam-column RC joints withoutcsie seismic design were initially damaged
under cyclic loading until the failure and thenytheere strengthened using NSM technique and Stain
Hardening Cementitious Composite (SHCC) materilsreover, two different retrofitting methods,
namely pre-cast and cast-in-place are studied amgared. In this work, these two approaches are
described, implemented and the several and integestsults are presented and discussed such as

ultimate capacity, initial stiffness, dissipateargy and mode of failure.
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Chapter 1

Introduction

In recent years seismic events have demonstraeditih seismic vulnerability of existing
reinforced concrete buildings. As can be seerhénRigure 1.1 this problem assumes a relevant
importance in Europe, considering the great amaidrgeismic areas as Portugal, Spain, ltaly,
Balkans, Greece and Turkey.
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Figure 1.1 - Seismic landscape of southern Europe [1]

During the 19th century the economic developing @radincreasing of world’s population led to
growth of cities and the development of buildingsng reinforced concrete as one of the main
materials for the constructions. According to dathlished by ISTAT [2], just in Italy until 2000¢h
percentage of residential buildings made with @icéd concrete is 68.5% and the percentage of
industry building made with this material is 25.1%he majority of these buildings were built in a
period prior to the adoption of current guidelimegarding to the construction in seismic areas.
Therefore existing structures were designed onlgfavity load presenting. Thus the corresponding
seismic behavior is characterized by brittle falumechanisms such as shear failure on the beams
and columns or failure of concrete element dueeaching the limit of ultimate tensile and

compression strength. These weak behaviors ar¢odiypical structural deficiencies such as poor
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transverse reinforcement, inadequate confiningenpbtential plastic regions, insufficient amouint o
column longitudinal reinforcement, lower quality die materials like smooth steel bars for
longitudinal and transverse reinforcements and dawngth concrete or structures designed with
reference to seismic requirements of old designH&hce the need of developing new strengthening
techniques and/or retrofitting in order to incre#ise seismic performance of existing structures is
mandatory. In the last two decades, the use of fibi@forced polymer materials has significantly
increased for strengthening existing concrete &iras. However the use of these materials in seismi
retrofitting has been roughly explored. For thessgsons the objective of this thesis is to study new
strengthening systems for the seismic retrofitlR(@ joints. In particular four beam-column joints
previously tested under cyclic loading were subsatly strengthened using new strengthening
systems supported on the NSM technique and usirnSiHardening Cementitious Composite
(SHCC) materials. Two different realization pro@ssspre-cast and cast-in-place processes, are
proposed, studied and compared.

Objectives:

* Realize a strengthening solution for existing beaotumn joints by adopting two
procedures, pre-cast and cast-in-place;

» Validate the performance of the strengthening ucgelic load;

» Compare the results with the aim to highlight tlmeeptial of pre-cast on cast-in-place
solution.

The present thesis is divided in five main chapténg outline of the thesis is briefly described in
the following paragraphs.

Chapter 1 gives an overview of the present work.

Chapter 2 discusses the studies of the existingngtinening techniques, highlighting the
advantages and disadvantages in their applicatidoseover a section is devoted to composite
materials description.

Chapter 3 explains the experimental program caoigdn this work. It discusses the main steps
to be achieved in terms of implementing the stiesiging techniques proposed.

Chapter 4 presents the obtained results. The dgarameters were analyzed, mainly curve force
versusdisplacement; maximum forces in both directiomgyément in terms of maximum forces;
initial stiffness; dissipate energy; strength delgteon; failure mode analysis.

Finally, Chapter 5 is devoted to the main conclusiobtained.
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Chapter 2

State of the Art

This chapter is divided in three paragraphs. Tis¢ dine explains the evolution and the application
of FRP strengthening of concrete elements. Thel@molof beam column joint under cyclic loading

was discussed in paragraph two while the last papdgrefers to fiber reinforced cementitious.

2.1 Fiber Reinforced Polymer (FRP) strengthening te  chniques: types,

research and standards.

2.1.1  FRP evolution in structural strengthening

The problem of strengthening or retrofitting exigticoncrete structures to resist higher loads, to
recover the loss of the strength due to determmato overcome design or construction deficiencies
to increase ductility or to satisfy the new standaon constructions has been resolved using
traditional materials with traditional constructitethniques. Externally bonded steel plates (Figure
2.1), steel or concrete jackets (Figure 2.2) arntéraal post-tensioning are just some of the many
traditional techniques available [4] [5] [6] . Hoves, the last twenty years, extensive research has
been conducted on the strengthening or retrofittisgng composite materials made of fibers
embedded inside a polymeric resin, also knownkes-fieinforced polymers (FRP) [4].

The growing interest of using FRP materials aretdigeveral advantages compared to traditional
ones such as their lightweight, noncorrosive chiaraand high tensile strength; moreover these
materials are readily available in several formsdinectional strips made by pultrusion process,
sheets or fabrics made by fibers in one or twoctivas and in the form of bars. This last aspect
becomes important where the aesthetics or the sit€@sconcern; in fact FRP systems can also be
used in areas with limited access where traditite@iniques would be difficult to be implemented.

The cost of fibers and resins composing the FREeB)s are relatively expensive compared with
traditional strengthening materials such as coeaat steel but labor and equipment costs to Instal
FRP systems are often lower;
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Figure 2.1 — External steel plate [7] Figure 2.2 — Steel jackets [7]

In addition of that when the life cycle analysisatcounted, FRP systems are more competitive.
Externally bonded FRP systems for the retrofit@faete structures (Figure 2.3) was developed in
the 1980s in both Europe and Japan [4] as alteymatsteel plate bonding.

The externally bonded technique was firstly useohany bridges and buildings with steel plates
in the tension zones of concrete members. Theplagee fixed to concrete with adhesive resins.
This technique is viable for increasing the flexwwtaength but the problem of deterioration of the
bond between the steel and concrete due to comrdstbto the substitution of the steel by FRP
materials. Externally bonded FRP is a well-estaklis technique used for the strengthening of
concrete structures and consists of bonding polynfabrics or prefabricated laminates to the
exterior surface of the element to be strengthdmethe use of an adhesive. This technique is also
called Externally Bonded Reinforcement EBR-FRPfdddnt types of matrix (inorganic cement or
organic epoxy resin), fibers (basalt, steel filmdieu of glass and carbon) and adhesives arezdlail
in the market for the present purpose. Experimewbak using FRP materials for retrofitting concrete
structures was reported as early as 1978 in Gerrfddn€urrently there are a lot of projects using
FRP systems. EBR-FRP system, as well known, isyafted in structural concrete elements but
some application in other field is possible to falthough for these structures exist cheaper swisiti
(Figure 2.4). While reduction of the workspace sfbdity of the applying the pre-stressing force to
the FRP bars as well as the achievement of a high of strength to the added weight are the most
highlighted advantages of this technique, the lesistance of the binder (typically epoxy) compared
with the high tensile strength of the fibers is kmoas the major disadvantage.

Moreover the installation of an EBR-FRP systemrofiequires time-consuming and specialized

surface preparation of the concrete to provide umhosurface needed to develop adequate bond
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Figure 2.3 - Externally bonded FRP concrete Figure 2.4 — Externally bonded FRP on masonry
columns

strength between the FRP and the concrete subskraeconcrete typically needs to be sandblasted,
cleaned and taking irregularities off prior to #ygplication of the strips. An alternative of EBR¥R
is a method nominated Mechanically Fastened FRRKRF) where the epoxy bond is substituted
by mechanical anchoring metal. The MF-FRP metha@dps$d, uses conventional typical available
hand-tools, lightweight materials and unqualifiaddr (

Figure 2.5). Another alternative and interestinghteque consists in the combining of the two
methods above described, where the bond betwednrdirattional laminates and concrete cover is

provided by mechanical anchoring and binder. Thriategy is called Mechanically Fastened and
Externally Bonded Reinforcement (MF-EBR).

Figure 2.5 - MF-EBR technique [8]

One of the biggest weaknesses of the FRP is theesability of these materials to mechanical

impacts and high temperatures as it highlights re¢\temes inside standards from ACI, CNR and
Euro Codes [4] [6] [9].
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These problems have led to the development ofnaltime strengthening system such as the Near
Surfaced Mounted (NSM) technique. While it does cwtipletely solve the problem of heat surely
the problem of mechanical impacts is resolved.

NSM system consists on cutting grooves into thecozie cover of the RC element to be
strengthened and introduce prefabricates FRP sgsteside the grooves and filled them with epoxy
or grout adhesive (Figure 2.6 & Figure 2.7). Depegadn the type of the structure to be strengthened
the selection of fiber materials may differ, carbidrers are mostly used in concrete structures
whereas glass bars are applied to RC structuresaal$ the masonry or timber ones. FRP bars can
be manufactured in a different variety of shaped aith a different variety of external surface
texture. Hence the section may be round, squasngular and oval bars, as well as strips whie th
external surface can be smooth, sand blasted,cemted, or roughened. The choice depends on the
different advantages obtained but is strongly cgaistd to the specific situation: such as the depth
of the cover, the availability as well as the c&str example, square bars maximize the bar settiona
area to groove section area ratio while usingstoiars the surface area to sectional area raio ar
maximized but round bars are more readily availabtcan be more easily anchored in pre-stressing
operation [10].

The most common and the best performing groover fil epoxy paste. The epoxy can have low
or high viscosity. Low-viscosity epoxy can be paleasily while high viscosity are used to avoid
dripping. Although the mechanical characteristieslawer than epoxy, cement paste or mortar has
been explored in place of epoxy with the purpostteer the material cost, reduce the hazard to
workers, minimize the environmental impact, allofeetive bonding to wet substrates, and achieve
better resistance to high temperature [11]. As Bidli] The epoxy resins have good mechanical
proprieties but as soon as the temperature redlcbdsy (glass transition temperature) which ranges
in 60-82 Celsius degrees the mechanical propristas to dramatically decrease thus bringing to
sudden failure [4].

Bisby et al. have found [11] that: the epoxy adlelSM FRP strengthening system may be
capable of withstanding up to 44 minutes of firdlevthe performance at high temperature of NSM
FRP strengthening using a cementitious grout adbéesas more than 4 hours of fire. The bond
between FRP bar and concrete is a key point fdopeance of this technique. Studies [10] carried
out have showed that bond depends strongly on aleparameters as mechanical properties of the
materials, surface properties of FRP reinforcenagwt the groove, geometry of the strengthening
system (bars or strips), dimensions of the grookdepth of the FRP reinforcement into the slit.
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The results obtained by Sharaky et al. [12] indidathat the main failure mode for several
specimens was pull-out of the FRP bar. This modkibfre depends mainly on the bond between

bar and epoxy.

Figure 2.6 - NSM with circular bar Figure 2.7 - NSM with rectangular bars

Comparing with the techniques listed above (EBR,-RRP and MF-EBR), the NSM system
presents several advantages. The main are: redwgftiastallation work, to prepare the surfacesit i
only necessary to cut the grooves, irregularitiehe concrete surface does not create obstacles in
the execution, the NSM bars is less subject to ni@ing moreover the bars can be more easily
anchored into adjacent members. This last techngjueed in the flexural strengthening of beam-
column joint, where the maximum moment typicallgacs at the ends of the member.

2.1.2 FRP research about strengthening of RC elements

The considerable interest on the strengthening@felements using the techniques previously
mentioned is due to the good results obtained bypwsiresearchers. Comparative studies on flexural
strengthening of concrete beams with EBR technigaee conducted by Balsamo et al. [13]. In
particular they compared EBR technique using diffiématerials: CFRP laminates with traditional
epoxy-adhesive, steel fabric glued with epoxy-atteesnd cement-based. The beams were tested as
simply supported members over a clear span of 2dceording to a four-points bending scheme,
Figure 2.8. The cross section was rectangularaviteight of 0.14 m and 0.12 m of width. The results
showed that the better values were obtained ubmgarbon sheet with epoxy as the percentage ratio

increment of the maximum load compared to the engthen beam was 140%.
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Figure 2.8 — Failure mode of beam strengthened Figure 2.9 - brittle failure mode due to epoxy-
with steel fabric [13] concrete debonded [13]

Interesting results were also obtained using sgd glued with epoxy and cement where the
corresponding load increase was approximately 100&oalso important notice the different failure
modes observed. Figure 2.9 shows the failure USFIRP laminate with epoxy; it was characterized
by critical diagonal cracking and concrete crushigP debonding propagates along its longitudinal
axis with the complete detachment of the concreterc This failure mode is due to low resistance
of subtract compared with the high tensile strergjtithe fibers leading to a brittle failure of the
retrofitting. On the other side, the debonding nad occur when the steel was used as the external
reinforcing system.

As it was already mentioned the MF-FRP techniqug maercome some of these challenges.
Lawrence et al. [14] studied the increase of rass# of several RC beams strengthening with MF-
FRP strips. Results demonstrated that with MF-FdRRriique retrofitted beams can reach an increase
about 20% in the yield and 30% in the ultimate céya percentage increases reinforcement
comparable to those of EBR-FRP systems. MoreoverM-FRP technique, according to the
authors, can result in such way as a ductile respdor the strengthened beams with concrete
compression failure since (Figure 2.10 and Figuté)Yxhe attachment of the FRP strip was not failed
even through very large displacements. The gredil@m of this failure way is the brittle crash of
concrete and this is a behavior to avoid.

By the combination of the EBR and MF-FRP anoth&rasting technique was developed, where
the bond between multi-directional laminates andcoete cover is provided by mechanical
anchoring and adhesives. This strategy, named MR-BBechanically Fastened and Externally
bonded Reinforcement), has been developed to nErimssues of the brittle fracture of EBR and
bearing failure of fastener in MF-FRP. Studies aaitedd by Sena-Cruz et al. [15] evidenced that
comparing both techniques for the flexural streagthg, EBR and MF-EBR, an increase of about

37% in the load carrying capacity can be obtaimgthe second one.
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Figure 2.10 - FRP strips failures in MF-FRP Figure 2.11 — Curve Load-Displacement [14]

system [14]

This better result was affected by the presencthefpre-stressed anchors. A gaedult was
obtained not only in the maximum load reached kad a0 terms of deflection In fact the deflection
at failure was increased of 87% in the beam reagfdwith MF-EBR and 37% in the beam reinforced
with EBR technique. Also the ductility was bettarthe MF-EBR system. While peeling was the
dominant failure mode in the EBR system (Figure3R.the MF-EBR FRP laminates failed by
bearing (Figure 2.12).

Figure 2.12 — MF-EBR FRP system, bearing Figure 2.13 — EBR system, peeling failure mode
failure mode [15] [15]

The earlier experiments in terms of NSM technigeeerfocused on the bending strengthening of
beams. E.g. Barros and Fortes [16] performed benidists to assess the effectiveness of flexural
strengthening of concrete beams with NSM-CFRP. Bauies of concrete beams with different
amount of longitudinal steel bars were tested. drees sectional area of CFRP laminates applied in
the beam of each series was evaluated for doutiimgltimate load of the corresponding reference
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beam. The results showed that the NSM strengthemasgvery effective not only in terms of the
beams load carrying capacity, but also in termdgedbrmation capacity at beam failure.

In particular, the increase on the load at theebo§yielding of the conventional reinforcement
was from 32% to 47%. The service load (the loadfdeflection of L/400) was increased 45% while
the ultimate load respecting to the correspondafigrence beam was doubled. The deflection of the
strengthened beam was reduced registering due itcagase in terms of stiffness of 28% (average
value) for the service load and 32%. It is impatrten highlight that the beams have failed in a
“ductile” flexural mode characterized by the yieldiof the longitudinal reinforcement followed by

the detachment of a layer of concrete at the botibthe beam (Figure 2.14).

Figure 2.14 — NSM system, detachment of concrete layer [16]

Barros et al. [17have also carried out tests on flexural and shiteamgthening of concrete beams
to compare the NSM with EBR technique using carfdmer reinforced polymer (CFRP). In the test
on flexural strengthening the cross sectional afethe CFRP in the NSM and EBR systems was
evaluated in order to impose the same longitudigalvalent reinforcement ratio. The result that the
authors obtained showed that in terms of beam ¢@ag/ing capacity the NSM technique was the
most effective, but the difference between thecaffy of NSM and EBR technique decrease with
increase of the longitudinal equivalent ratio, ggexted. When the NSM technique was used, in the
beam with lower bending reinforcement the increasethe ultimate load of the corresponding

reference beam was doubled. The typical obsernikaoidanodes are shown in Figure 2.15.
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Figure 2.15 - NSM versus EBR: typical failure modes [17]

The same authors investigated the use of the NSMI{EBhnique for shear strengthening of concrete
beams. Some of these beams were strengthened @&ihdiips of different inclinations (45 and 90
degrees), while the equivalent amount of exterradlyded FRP shear reinforcement were applied to
the rest of the beams. From the result obtainedait sad that the CFRP shear strengthening system
increased significantly the shear resistance, aadNSM technique was the most effective. The type
of failure was fragile in the beams strengtheneth wihe EBR technique and ductile for those
strengthened by NSM one.
Rizzo and De Lorenzis [18] investigated the shémmgthening of seven RC beams with NSM
technique. The analyzed parameters were the typRBfround and strips bars, type of groove-filler
epoxy, different inclination (45 and 90 degreesyl alifferent spacing. The increase in the shear
capacity was between 22% and 44% over the congaib

Tanarslan [19] tested several beams strengthertadN&M CFRP reinforcement to enhance the
shear capacity. The beams were designed withouindéemal shear steel reinforcement in order to
evaluate the pure contributes of the shear retirgdfitcomposed with CFRP bars with different
diameter and different spacing. All specimens wesged under cyclic loading. Comparing with the
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reference beam, the result showed that this teabnitcreases the shear capacity of a minimum 57%
and a maximum 112%.
The type of failure observed was a typical shesurks the shear failure due to concrete cover

separation and where the spacing was minimumxaréfailure followed by shear failure.

2.1.3 Guides and standards regard NSM technique

Particular standards for NSM technique don’t eaigtough ACI 440.2R-08 [4] shows how to
evaluate and design NSM system under service laadghe ultimate strength of the cross section.
However regarding NSM used under cyclic loads tiesny reference as indicated in section 10 of
ACI| 440.2R-08 [4]:

“CHAPTER 10—FLEXURAL STRENGTHENING [...] this chapdees not apply to FRP
systems used to enhance the flexural strength ofbees in the expected plastic hinge regions of
ductile moment frames resisting seismic loads. désgn of such applications, if used, should
examine the behavior of the strengthened framesidering that the strengthened sections have

much reduced rotation and curvature capacitieghis case, the effect of cyclic load reversal an th

FRP reinforcement should be investigated. [...]”
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2.2 RC joints with plane rebars: typical damages, s tandards and
different retrofitting

2.2.1 Typical damages for beam-column joint under cyclic load

The beam-column joints are critical components GflRiildings. They ensure the continuity of
framed structures and allow the transfer of forbesveen the distinct structural elements. This
function may be compromised if the joint undergeekigh degradation typically due to shear
resistance deficiency under cyclic loading. Thia tgpical problem of RC buildings prior to the 80s
characterized by the lack of seismic details amdpitesence of smooth bars. The RC frames were
designed only for gravity loads and in seismic ¢boids all the lacks of these structures are eviddn
as shear failures in the joint area, columns arainisedue to lack of reinforcement to ensure the
concrete confinement; formation of bending failuréhe column due absence of a previously “weak-
beam strong-column” approach. [20].

As studied by Verderame et al. [21] RC elementdoeced with plane bars do not present bending
hinge as RC elements reinforced with ribbed bard$adt, while the second usually present several
cracks in the hinge area, the first present on@ma few cracks.

Figure 2.16 and Figure 2.17 show details of RC bealumn joint representative of a building in
north Italy built before the 70s.
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Figure 2.16 — Detail of T joint, Italy 70s [22] Figure 2.17 — Detail of X joint, Italy 70s [22]

In addition to the smooth steel bars they are @tanaed by a concrete characteristic compressive
strength of 20 to 25 MPa; a diameter of the lordirtal bars between 12 and 16 mm in beams and

between 12 and 14 mm in columns;
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the thickness of the concrete cover is very sntadlbmut 15 mm, while in the vicinity of the joint
following problems are detected: (i) high stepghefstirrups (150 to 200 mm), arranged at a cohstan
step throughout the beam or column; lack of stsrimside the joint region; first stirrup of the bea
far from the node; anchorage length of reinfordiagwithin the node equal to the depth of the node,
with sometime a small hook at the end.

Several experimental studies show that the sei$oaids can produce, on the joint with the
characteristics listed previously, a typical damabaracterized by diffuse diagonals cracks in the
two directions, like in the Figure 2.18, which casiglegradation of the stiffness of the joint and
deterioration of the bond between the reinforcimgsbanchored in the joint, and the surrounding

concrete.

(a) moments, shears, axial (b) internal stress resultants
loads acting on joint acting on joint

Figure 2.19 — Scheme of internal stresses inside the RC joint [23]

32



The joint area is subjected to internal forcesr€garding the stress inside steel reinforcement.
Furthermore external shear forces acting on theneolV.o and on the beamyVincrease the stress
inside the joint as showed in Figure 2.19. Thugdire area is subjected to horizontal force and on
vertical force por each corner and all these foesequal to two diagonal forces forming the
mechanism of strut and tie-rod is formed. In cgoeglence of the high forces and the absence of
confinement of the place area, the joint breaksantion with crack inclined around 45° (Figure
2.19).

2.2.2 Strengthening techniques for RC joints under cyclic load

The rehabilitation of RC joints has received muttardgion during the past two decades especially
the retrofitting systems made by a steel cage ardlhe RC joint. The main idea of this method as
studied by Alcocer and Jirsa [24] confinement tbacrete using steel L profile obtaining good
results. This method is still used.

An interesting evolution of the strengthening taghe showed above was studied by E. Esmaeeli
& F. Danesh [25]. This study was focused on thengjfthening of shear deficient joint of 3D
reinforced beam-column connection, using GFRP &yeechanical anchors and L shape steel bars
to fix the retrofitting in the corners of columnstiout any kind of drilling in the existing conceet
(Figure 2.20). This technique was adopted to engigrelevelopment of the maximum confinement

level could be provided by GFRP wrap in the jogdion without premature debonding.

Welded 14mm dia.

bar

e
Y Steel plate 300x8%x8

¢
CFRP placed on the ,
12mm ¢

dia. bolt

steel angle

Figure 2.20 — 3D corner RC joint, strengthening with steel cage and GFRP [25]
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Two specimens were studied, one of these specimasdested as a control specimen and the
other one was retrofitted with a proposed technidyethe combination of GFRP layers and a
configuration of steel angles. Several and impartasults were obtained by the authors: in the
control specimen the shear failure was formed &jtiint region but in the second one the hinges
were formed in the beams with an increase of séfartors like the average increase (for both the
push and pull cycles) about 50% in the load-cagymapacity compared with the control one.
Moreover visual inspection of the concrete in thiatj by removing the GFRP layers after the test
confirmed integrity of the concrete in this region.

The authors Costa et al [26] performed test omrséveinforced concrete joints constructed in
order to represent a poorly detailed exterior Ttjmf a RC frame. The different strengthening
techniques studied were based on the use of catinips and carbon sheets. The specimens were
designed such that the effect of a series of faaiorthe shear capacity of joint could be investiga
These factors are: number of strips or number eéstayers, mechanical anchorages, type of fiber
(carbon or glass). The results were generally éstarg as increment in term of pick load for carbon
and glass fiber solutions without relevant differemetween these two materials. Author highlights
that increments were not proportional to the nunabdiber layers used, a specimen retrofitted with
two layers had not achieve the double strength®fspecimen retrofitted with one layer. Moreover
the joints strengthened with carbon strips andaagheet showed an increase respect to the reéerenc
but the second one presented a better behavierrmdf pick load and dissipate energy.

Some experimental tests have also performed byhGaal al. [27] on RC beam-column joints
strengthened with multi-directional CFRP laminatesler cyclic load, Figure 2.21. The specimens
were designed with a detail in term of steel reicémnent that represent a beam-column joint of RC
buildings existent in Portugal built before the @9For this reason the specimens was reinforced
with plain longitudinal bars and less amount ohgngerse reinforcement. The experimental program
included an initial step where RC joints were teéststil failure under cyclic loading and then repdi
and strengthened. Results showed that the init@egsties of the joint were almost recovered. In
particular a light improvement was achieved in ®ohcarrying capacity with values of about 35%,
but with a reduction of ductility of 7%. In term$ dissipated energy, the reinforced joint present

higher values than the unreinforced one with a pdabout 60%.
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Figure 2.21 — RC joint retrofitted with MF-EBR FRP technique [27]

Only few studies are available regarding the us¢i¥l technique for retrofitting of the RC joints.
Indeed, the literature does not have enough raséathis field but however, even the few available
studies, where a variety of techniques have bephealp showed real benefits. To this end, around
the beginning of 2000 a research project, involthmg application of carbon fibers laminates in the
strengthening of RC columns, has been initiatethatDepartment of Civil Engineering of the
University of Minho. In the first phase of this peot, the main topic was the development in the
Master Thesis of Debora Rodrigues [28] of one tephanfor strengthening of columns with flexural
collapse and in the analysis and interpretatiorthef experimental behavior of pre- and post-
strengthened columns. The strengthening was matlfecarbon fiber laminates embedded in the
concrete cover of the columns with epoxy glue FegiP2.

Satisfactory results were obtained regarding theifstant increase in terms of bending moment
resistance in the pre-strengthened columns wigvarage amount of 92%, when compared with the
reference specimens. Another meaningful result wlgisined regarding the post-strengthened
columns: the bending moment resistance was appet&lynthe same of the pre-strengthened

columns only if the existing cracks in the columvexe previously sealed with epoxy.
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Figure 2.22 — RC column base retrofitted with NSM technique [28]

Regarding the use of the NSM technique for thengtreening of RC joints Coelho at el. [29] have

carried out tests on beam-column joints to compéferent methods of strengthening. In this case
the several T shape RC joints reinforced with NSME-EBR and MF-FRP method were tested.

Moreover for each method two different configuraipdirect (Figure 2.23) and indirect (Figure

2.24), were considered. The difference between tisetine areas that are retrofitted. According to

the obtained results, in terms of initial stiffnedksolutions have showed a similar behavior while

for the load carrying capacity the specimens

hamhamease with maximum values of 37% for MF-

EBR direct, 35% for MF-FRP direct and 70% for NSMirect method. Conversely lower values of
ductility with a reduction of 45% for NSM direct,®% for NSM indirect, 23% MF-EBR direct and

-36% MF-FRP direct was obtained. The amount ofdiksipated energy was almost the same in all

the cases. These outcomes indicate the intergstirfigrmance of NSM technique.
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Figure 2.23 — strengthening direct method [29]
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2.3 Engineered Cementitious Composite (ECC): New ma terial for

reinforcement and repair of existing concrete struc tures.

2.3.1 Fiber reinforced cement (FRC)

Fiber reinforced cement or concrete (FRC) is a amsitp material formed with two main
components: cementitious matrix and short disdibegs Error! Reference source not found).
The cementitious matrix can be cement paste, mantaucrete while the fibers can be of different
materials like: natural organic such as cellulassal, jute, bamboo; natural mineral such as rock-

wool; and man-made such as steel, titanium, gtasbpn, polymers or synthetic, etc.

Cement paste,
mortar,
concrete,
slurry.

(e )
BOND
COMPOSITE

Figure 2.25 - FRC composite model considering two components: fiber and matrix [30]

The concept of using fibers as reinforcement isnaot. To compensate the weak tensile strength
of traditional cementitious materials, fibers swshhorse hair and straw were commonly used in
ancient times, while the first modern alternatigethe use of asbestos fibers in the early 1900's.
Asbestos presented health risks and for this reaseas replaced with steel fibers. In 1970’s steel
fibers reinforced concrete (SFRC) was introducedroercially into the European market. Initially
no standards or recommendations were availablegtasadechnology was used as a substitute for
secondary reinforcement or for crack control irslestical parts of the construction. Over the phst
decades the development and use of new produstadigeveral improvements. For example new
additives such as super plasticizers and viscoestagr shrinkage and corrosion reducing agents,
accelerators and retarders act on the strengthlboton the workability improving the production
process [30]. The use of micro-fillers such axaiflumes and flies ash that modifies the porodity o
the matrix. The greater availability of fiber withfferent type end properties that allowed an

improvement to the strength, ductility, and tougtsef the composite [30].
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Up to this time, FRC have been used in numeroubcapipns for the repair and rehabilitation of
the structures, in combination with RC or stealicires or stand-alone in light structural element
[30]. In Figure 2.26 the typical applications of ERre illustrated.

Ovar
e g
3 Plain 3
Stand Alone I />{ Concreta
\

Applications of A
HPFRCC

Brigge Decks

Figure 2.26 — Different uses of FRC [30]

For those applications the FRC are applied in tifferént methods: thin sheet products or bulk
structures. The first one are used to produce elesrseich as pipes, electrical poles, slab gradds an
pavement or in the rehabilitation through claddivadl, jacketing around columns, tunneling or also
fire protection [30]. The second technique is usatiake structural elements with high performances
like blast resistant structures and bank vaulty.[3bese two types of products have different
processing method or characteristic and both ptes#erent properties. Sheet product is made with
particular processing systems as spray up, laydpusson and pultrusion processes. The fiber
volume fraction is in the range of 3% to 10%. Theefs are generally aligned and set along the
direction of greater advantage with the aim ofmopting the reinforcement. In this way, it is possib
to obtain the mechanical performance in both tensod bending so that the primary steel
reinforcement could be eliminated [31]. Despites tikcellent performance, application of this type
of FRC is limited by the simple geometric shapaunegnent while the precast nature needs a special
processing with a relative increase of costs [31].

Bulk structures are made with different percentafjébers depending on which characteristic
needs to be improved. For example, low fiber voldraetion (<1%) are generally used for plastic

shrinkage crack control while moderate fiber volunaetion (between 1% and 2%) and large amount
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of fibers (between 5% and 20% by volume) are uedthprove characteristics such as modulus of
rupture, fracture toughness, fatigue resistanceirapdct load resistance. Although in this case the
major obstacles are due to the production proeegkthen the cost, but also the weight, since often

the steel fibers are used.

2.3.2 Mechanical classification of FRC: strain softening, strain hardening

and micromechanical design

Under tensile stresses the cementitious materredss gshree different behaviors (Figure 2.27):
brittle, strain-softening, and strain-hardeningpmsse. As it is shown by curve A, brittle behavsor
characterized by a linear stress-strain curve i by an abrupt drop in tensile strength after the
first cracking. This behavior is typical in the Haned cement. Curve B represents the strain-snfeni
behavior typical in the most FRC materials. Theugis characterized by a single crack. The stress
after first cracking is smaller than that at ficeacking and it can be related directly to the esien
of the crack [30] .

Stress

— Strain-hardening

\ === Quasi-brittle

— Birittle

\\\
~

S ——

Strain

Figure 2.27 - Tensile failure modes observed in cementitious materials [31]

Strain-hardening is represented by curve C. Thimber is characterized by two linear stress-
strain curves. In the second multi cracking ocayp¢o the maximum post-cracking stress and the
strain increase with strain. At that point, locatian occurs, and the stress decreases with inogeas
elongation. Figure 2.28 shows the failure in thaistsoftening and strain hardening. These pasticul
FRC materials are also called Strain Hardening @éitieus Composite (SHCC)
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Figure 2.28 — (a) Strain-Softening behavior: single crack and immediate localization

(b) Strain-hardening behavior: multiple cracking ending in localization at critical crack [30]

2.3.3 Engineered Cementitious Composites: main features and

retrofitting applications

Engineered Cementitious Composites (ECC) is onleeoéarliest types of SHCC where using the
concept of micromechanical-base-design an ultraddumomposite with low content of fibers was
produced (Figure 2.29). This means that the mechhmteractions between ECC's fiber and matrix
are described by a micromechanical model, whichgakto account material properties to design a
ductile cement base composite for desired mechlacheaacteristics. Comparing with conventional
FRP where the deformation is localized, the ECGgmeinelastic behavior with linear and uniform
deformation on a macro scale (Figure 2.29). How#wese characteristics depend strongly from the
materials that are used to compose ECC. Genehdlf2€CC is obtained mixing adding to common
ingredients of FRP (cement, sand, fly ash, watel additives) short polymeric fibers such as
Polyethylene, Polyvinyl Alcohol at moderate fiberdwme fractions (Y= 1.5%-2%) [32]. ECC has
typically an ultimate tensile strength of 5-8MPalanstrain capacity ranging from 3% to 5% [32].
The spacing between multiple cracks in a typicaCHE on the order of several millimeters, while
the crack widths are limited to the order of 1@ [32]. The manufacture of ECC requires

conventional mixing equipment, such as a drum mixer
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Figure 2.29 - The deformation behavior of cementitious composites [32]

The use of ECC material in structural applicat®justified by the several advantages. As studied
by Li and Fischer [32] the combination of ECC widtiuctural reinforcement leads to significant
improvements of their structural performance as gam®d to conventional reinforced concrete
members. In the case of Reinforced-ECC (R/ECCttiras the steel bar elongation is accompanied
by ECC elongation through the formation of severadro cracks (Figure 2.30).

The contribution of the ECC in the R/ECC structugesndoubtedly in its high tensile strength
and in its particular behavior. However the limitgdck width, around a few tenths of millimeter,
prevents the penetration of corrosive agents. Tharacteristic makes the ECC an interesting
material also for increase the durability of theisture.

Tension strain hardening ECC has been shown tothighedamage tolerance under at least three
types of severe loading: cyclic loading, fatiguadimg and impact loading. The damage tolerance of
a material refers to its capability to carry adhal load even when loaded to beyond the elastit. li
This behavior is valuable to the performance dafacture in terms of collapse resistance, extension
of service life, and minimization of repair after extreme event.

Due to these extraordinary characteristics, se\artdors are studying this material for different
applications as new structure or retrofitting fumct Kim et al. [33] studied the mechanical
performance of sprayed ECC for repair applicatiofisey casted several ECC panels in wood
formworks located in vertical position where ECCswaprayed inside them and other panels were
casted normally in horizontal position. In addititmthat they casted some reference panels with
prepackaged mortars (PM).
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Figure 2.30 - Different stress distribution between R/C and R/ECC before and after matrix cracking [32]

The mechanical proprieties of both ECC panels \abn®st the same between and compared with
the mortars the increase in terms of ultimate stcaipacity was 100 times. Each ECC panel was
paired with another normal concrete panel to siteutaoss section of a repaired culvert with ECC
sprayed over that. Bending tests have shown rerlgrkpualities of the ECC/concrete composite
beams compared with PM/concrete beams even wherbeéhens have artificially introduced
interfacial defects above the concrete crack. f@oved was twice in term of flexural stress.

The use of ECC is not limited to concrete strucimat as Esameeli et al. [34] studied, this mdteria
is applicable to masonry strengthening. Authorsdusiain hardening cementitious composites
(SHCC), which was designated as ECC by Li and cdkers [35], in the bottom face of the masonry
beams with a variable thickness as showed in tbeingi below (Figure 2.31). Different types of
beams were studied; strengthening of masonry bamBMCC layer was compared with steel fiber
reinforced self-compacting concrete (SFRSCC). Trhjgortant result meant not only an increase of
maximum load compared with normal masonry beamekanh a well ductility performance for the

strengthened beams that presented a previouslie haitlure after the pick load.
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Figure 2.31 — Masonry beam strengthened with SHCC layer with variable thickness [34]

Esmaeeli et al. [36] studied the potential of arfd/bomposite plate (HPC) for strengthening RC
beams. HCP are composed of a CFRP sheet thated githe external surface of a thin plate made
by strain hardening cementitious composite (SHOGgse panels were glued over the lateral faces
of each RC beams without any steel stirrups inr tlo@iding span. As the control specimens, other
beams had been strengthened with only SHCC plekessical EBR-CFRP technique and also a
group of beams containing conventional steel gisras the shear reinforcement (group CB).
Through one static force introduced to the mid-sphthese beams (Figure 2.32) following results
were obtained: In terms of maximum load carryingazdty, beams strengthened with HCP showed
19% increment when compared to the beams in gr@ipsThis improvement can be attributed to
the contribution of the SHCC to the resistancehef dompressive strut and the fiber reinforcement
mechanisms that offer resistance to the crack ageflihe main aspect of this work is the idea of a
prefabricated panel made with SHCC for the stresmgtig of existing RC structures. The practical
problems of spraying cement with fibers and thentdgsts of this new material could be avoided

with prefabricated solution.

Figure 2.32 — Typical cracks pattern and failure modes of the beams, CB=Concrete Beam, BF=Beam with
CFRP sheet, BS=Beam with SHCC, BH=Beam with HPC [36]
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Chapter 3

Experimental Project

Chapter 3 explains the experimental program caoigdn this work. It discusses the main steps

to be achieved in terms of implementing the stieaiging techniques proposed.

3.1 Project’s introduction

The experimental program of this dissertation iseldaon the repair of four full-scale damaged
beam-column joints which has been originally destymmanufactured and tested at Department of
Civil Engineering of University of Aveiro (UA),

Later, these specimens were transported to theregat of Civil Engineering of University of

Minho (UMinho), for the repairing/strengthening pess with a novel technique which was recently

developed there.

These joints were representing interior connectiohshose typical RC structures that were
constructed before 70s according to Portuguese manlésions. Therefore, only gravity loads were
considered as the design actions and the plaih gbars were used as the internal reinforcing

material for these specimens.

Shortly, this project is developed in following sse

1) The design and implementation process of tpaireand the strengthening technique which
was developed at UMinho;

2) Test of the joints by UA;

3) Analysis of the results by UMinho.
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3.2 Original state of the specimens and the corresp  onding behavior

3.2.1 Geometry configurations

The specimens studied in this dissertation are Ritilbeam-column joints reinforced with steel
plain rebars. These specimens were designed, nwardd and tested under cyclic loads by
University of Aveiro. The geometry of the joints swdesigned in order to represent an interior beam-
column connection where each column element represehalf-storey column in a building, and
each beam element represents a half-span beanowedim Figure 3.1 to Figure 3.Bue to the
restrictions imposed by the test setup, one coloimeach specimen was designed slightly shorter
than the height of the half-story. The joints warade with the goal to recreate a typical 70s RC
beam-column connection using similar material ctigréstics, reinforcement details and geometry
dimensions.

As showed in the Figure 3.1 up to Figure 3.3, &lljBints have similar geometry but with different
configuration of steel reinforcement. The denomanais structured in the following way: first lette
is “J” represents the Joint; second letter is “Pick means plain bars and the third one could Be “A
“B” or “C” that indicates the increase of the steghforcement level. According to this nomination,
specimens were designates as JPA-1, JPA-3, JPBPEdJA studied more three joints in this series
that they were not included in the study conduttgtUMinho on this project. Namely these beams
were JPA-2, JPA-4 and JD with the last one thabmedd steel rebars were used as the internal
reinforcements. In all JP specimens, beams andmr@uongitudinal reinforcements as well as
stirrups were plain continuous steel rebars. The®no transverse reinforcement in the joint region
and stirrups in the beam and column had a 90° lbekd configuration. The concrete cover for all
specimens was around 20 mm thick. Figurepekents the global geometry and the cross seation
the joints JPA-1 and JPA-3; these two specimens tthe same letter “A” due to the same

reinforcement configuration as it showed in drawidg. and A2 attached at the end of thesis. The

longitudinal reinforcement of the beam was compaxfe?l steel bars of 12 mm of diameter(2)
at the top and #12 at the bottom. Stirrups of 8 mm in diameter vatlspace of 200 mm were

considered as the transverse reinforcement of t@mb. In the column, the longitudinal
reinforcements were composed of 4 steel rebarg ofrh of diameter (one on each corner) and the
transverse reinforcement was composed of 8 mnupgsirat the steps of 250 mm. Similar to the
longitudinal reinforcements, the anchorage of taagverse reinforcements was a 90 degree hooped

shape.
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Figure 3.1 — Geometry details in mm of specimens JPA-1 and JPA-3

The specimen denominated as JPB, presented thersarfe@cement of JPA with an increment

of longitudinal reinforcements of the column ashbws in Figure 3.2.
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Figure 3.2 — Geometry details in mm of specimen JPB

As it is shown in Figure 3.3, the longitudinal feircements used in the beams and columns of the
JPC have the same details and configurations asHli¥Bver, higher transverse reinforcement ratios

composed by 8 mm stirrups placed at the steps®fr@ in both columns and beams are utilized.
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Figure 3.3 — Geometry details in mm of specimen JPC

Longitudinal and transverse reinforcement ratiompoted according to Eurocode 2 [37] are

summarized in Table 1.

TABLE 1 — STEEL REINFORCEMENT DETAILS

Beam Column
Longitudinal Transverse Longitudinal Transverse
) reinforcement reinforcement reinforcement reinforcement
Specimens
Diameter Llbeam Diameter Pwpeam | Diameter Picoumn | Diameter | Pw.column
(mm) (%) (mm) (%) | (mm) (%) (mm) (%)
JPA-1 0.6 0.17 0.5 0.13
JPA-3 0.6 0.17 0.5 0.13
12 8 12 8
JPB 0.6 0.17 1.0 0.13
JPC 0.6 0.34 1.0 0.34
where:

P1beam= the total longitudinal reinforcement ratio iretheam;
Plcoumn= the total longitudinal reinforcement ratio in tt@umn;
Pw,peam= the ratio of transverse reinforcement in thentea

Pw,column = the ratio of transverse reinforcement in thenbea

Additional information about these joint can beridielsewhere, C. Fernandes et al. [38].
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3.2.2 Material Characterization

3.2.2.1  Concrete

All specimens were cast on the same day and w&lsdéime concrete mixture. The concrete was
characterized by means of compression tests pegfbon cubic specimens of 150x150x150 inm
which were casted together with the specimensesuslts of these tests, a mean compressive strength
of 23.8 MPa was obtained. Since the estimated ctearstic compressive strength was equal to 19.8
MPa, according to the Eurocode 2 [37] this concietategorized as C16/20.

3.2.2.2 Steel rebars
The plain rebars properties were determined by sefiensile tests. Table 2 indicates the average
mechanical properties of the steel bars used atigiudinal reinforcements. The strength of the
plain reinforcing bars was higher than the typiadues for this type of steel reinforcement in 8rtp
buildings. However, considering that the cyclic &abr of the elements is strongly influenced by the
bond properties at the concrete-steel interface,zthie steel strength is not expected to influ¢hee

response of the specimens, significantly.

TABLE 2 — MECHANICAL PROPERTIES OF THE LONGITUDINAL STEEL BARS [38]

Characteristic Plain bars
Tensile yield strength | [MPa] 590
Ultimate tensile strength [MPa] 640
Modulus of Elasticity [GPa] 198

3.2.3 Experimental test setup

The test setup used at UA to characterize the @hai/the specimens in their original state is
illustrated in Figure 3.4. The test setup was desigto achieve an idealized supporting and loading
condition as much as possible. In this Figure Gi4and G represent the hydraulic actuators used to
apply the lateral load and the axial force at thedf the column, respectivelyz@nd G represent
the load-cells that were placed between the othéro# the column and its supports to register the
both lateral and axial reactions during the testpectively. N is the axial force induced in thiiom
through G whereas dc andc:Fare the lateral displacement and force on tophef ¢olumn,
respectively.
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Figure 3.4 — Test machine setup [38]

The top right of Figure 3.4 shows the schematicgptet! for the arrangement of the linear variable
displacement transducers (LVDTSs) to measure thal ledative displacements at the interfaces of
beam-joint and column-joint (slice 1) and also thenities of the joint (slice 2). The test was
conducted under controlled lateral displacementitmm. Two different displacement laws were
used. The first one (Figure 3.5) consists on imppstomplete cycles with signal inversion
throughout eighteen displacement levels with grgwamplitude. The chosen levels of the lateral
displacement imposed to the top of the column wérenm, 2 mm, £+4 mm, £6 mm, 10 mm, £15
mm, 20 mm, 25mm, +30 mm, +40 mm, 50 mm, £60 mnQ #¥m, 80 mm, £90 mm, £100 mm,
+110 mm and 120mm. From lateral displacement le/6lmm to the end of the test three complete
cycles per level were performed. The second loateqa (Figure 3.6) composed of imposing
complete cycles with signal inversion throughowesedisplacement levels with growing amplitude.
These levels were 4 mm, £10 mm, £15 mm, £30 mng, @mén, £90 mm, and 120 mm. While only
the cycle with amplitude of 4 mm was repeated tnatlethe other amplitudes had just one complete
cycle. Before introducing the cyclic load, the spens were subjected to an axial load and it was
kept constant during the entire of the test. Thi®ant of this axial load was 200 kN for JPA-1and
450 kN for the specimens JPA-3, JPB, JPC.
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Figure 3.6 — Second displacement law [38]
Figure 3.5 — First displacement law [38]
3.2.4 Failure Modes and Hysteresis Behaviors

3.24.1 JPA-1 and JPA-3

The specimen JPA-1 was tested under cyclic loaatfdHowed the second displacement law (as

showed in Figure 3.6). The imposed axial load is #pecimen was 200 kN while for all other
specimens an axial load of 450 kN was applied.

The crack pattern, as indicated in Figure 3.7,rbfeanderlines bending failures at the end of
columns and beams close to the joint region. Adagx@d by Verderame et al. [21], this mode of
failure is typical for RC structures where smootirsbare used as the internal reinforcement.
According Verderame et al. [21] the failure modehrs type of the structures is dominant by the
sliding of the smooth steel reinforcements befoeddyng and therefore, the concept of plastic hinge
is not applicable to this case.

It should be also noted that debonding of the agtedn each corner of the joint resulted in a loss

of stiffness in global response of the beam.
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Figure 3.7 - JPA-1 steel
L] reinforcement and relative crack
pattern

The specimen called JPA-3 presents the same stefincement as JPA-1and it was tested under
cyclic loads according to the first displacememt (as showed in Figure 3.5) while a constant axial
load of 450 kN was imposed to the top of the column

The crack pattern, as showed in Figure 3.8, cleadicates that four bending cracks are formed

in columns and beams close to the join region apamied with a shear failure in the joint region.

Figure 3.8 - JPA-3 steel
reinforcement and relative crack
pattern

Remarkable is also the debonding concrete in eaafec of the joint and an important loss of
material in the place.

In this previous test performed in UA (UniversitiyAveiro) there were more than four RC joints
(reference of the paper). There was one joint oea&d with ribbed bars and two more joints with the
same reinforcement configuration as for other JRIRA-2, JPA-4. JPA-1 was tested according to

second displacement law (Figure 3.6), that is setlun the present work, for this reason the refexe
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for this specimen it is JPA-3. As it is showed eble 3, JPA-3 had a pick lateral load of 43.3him t
positive direction.

TABLE 3 — JPA-3 UNRETROFITTED PERFORMANCES

Maximum forces in the column Total dissipated | Initial stiffness
energy
units [kN] [kN] [kN m] [KN/mm]
JPA-3 +43.3 -41.8 42.4 4.33
JPA-3 curve Drift (%)

Force-Drift [38]

c

Force,F (kN)

T T
-120 -90 -60 -30 0 30 60 90 120
Displacementd_ (mm)

3.24.2 JPB
The specimen called JPB had higher steel reinfoeo¢matio than the other previous one. As
explained in the section 3.2.1 and Figure 3.2, l&8the same steel strengthening configuration as
JPA in the beams and 4 more longitudinal barsofial 8 12) in the columns. These additional bars

are in the middle of each column side. The totabsheinforcement is the same of JPA configuration.
JPB was tested under cyclic loads according tditsiedisplacement law (as showed in Figure 3.5).
The axial load of the columns was 450 kN.

The crack pattern, as shown in Figure 3.9, cleanigerlines bending failures at the end of both
beams and partial banding failures in the colur@wsnpared to JPA-1 and JPA-3, the higher ratio of
flexural steel reinforcement in placed inside tb&umn of JPC justifies this failure mode. The loss
of concrete cover in one beam with high the pingleffect due to the sliding of the rebars are the
notable other results. As it is indicated in TadJeJPB had a pick lateral load of +39.5 kN, in the
positive direction.
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Figure 3.9 - JPB steel reinforcement
and relative crack pattern

TABLE 4 — JPB UNRETROFITTED PERFORMANCES

Maximum forces in the column Total dissipate | Initial stiffness
energy
units [kN] [kN] [KN m] [KN/mm]
JPB +39.5 -35.4 27.4 5.05
JPB curve Drift (%)

Force-Drift [38]

c

Force,F (kN)

-40 T T T T
-120 -90 -60 -30 0 30 60 90 120

Displacementd (mm)

3.243 JPC

The specimen called JPC has highest ratio of thel seinforcement, as explained in section
“3.2.1” and Figure 3.3. JPC has the same longialditeel rebars as in the beam and column of JPB
but greater shear reinforcement in both elemert<m between each stirrup in column and beam.

JPC was tested under cyclic loads according tdistedisplacement law (as showed in Figure 3.5).
The load in the columns was 450 kN.
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The crack pattern, as observable in Figure 3.Harkt underlines four different bending failures
in both columns and each beam. Also here the pigatfifect is present, important amount of concrete

cover was debonded. As it showed in Table 5 JPCGahaehk load of 38.3 kN, force in the column,
in the positive direction.

Figure 3.10 - JPC steel
reinforcement and relative crack

pattern
TABLE 5 - JPC UNRETROFITTED PERFORMANCES
Maximum forces in the column Total dissipate | Initial stiffness
energy
units [kN] [kN] [KN m] [KN/mm]
JPC +38.3 -36.6 29.4 5.10

JPC curve
Force-Drift [38]

Drift (%)

c

Force,F (kN)

-40 T T T T
-120 -90 -60 -30 0 30 60 90 120

Displacementd_ (mm)
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Table 6 resumes the performance of each specintenadmum drift, the total energy dissipated
by JPA-3 is about 56% and 41% higher than thadRB and JPC, respectively. Figure 3.11 shows
the dissipated energy of each specimen relateuketdrift.

TABLE 6 — RESUMING RESULTS

Specimen Maximum forces in the column Total dissipate | Initial stiffness
energy
units [kN] [kN] [kN m] [KN/mm]
JPA-3 +43.3 -41.8 42.4 4.33
JPB +39.5 -35.4 27.4 5.05
JPC +38.3 -36.6 29.4 5.10
Drift ratio (%)
1 2 3 4
45 ; ;
— JPA-1 | ;
- - - JPA-3 /
-==iw=22 JPB !
I s JPC
—JD

151

Energy dissipated (kN.mm X 10°)

Step

Figure 3.11 — Evolution of total energy dissipation, specimens at UA [38]
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3.3 Material characterization

3.3.1 Cementitious material
Globally three different types of cementitious miaile were used. The SHCC material, low
strength mortar and shrinkage compensated selfihgveortar.
The SHCC used in this project were developed bydest et al [34] [36] [39] [40] at UMinho
using local material from Portugal. The SHCC chiastics are still under analysis and they will be

presented in future publication of UMinho.

In some specimens low strength mortar was useckdover the lost concrete cover. It was
characterized by means of compression test inia cobcrete specimen of dimension 10x10x18cm
After 28 days a compressive strength of 30.3 MPa otdained.

The mortar used has the commercial name SikaGr@a®-It is shrinkage compensated self-
leveling, premixed cementitious grout with extendextking time to suit local ambient temperature.
Compressive strength declared by the manufactsiret@ N/mnd (at +25°C / 28 days). The reduction
of strength was obtained by adding sand to thienat
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3.3.2 Carbon fiber reinforced elements
In this project two kinds of carbon reinforced fin¢CFRP) are used: CFRP laminates and CFRP
sheet. Those are made by S&P ® Company, have carrahieame S&P ® Laminates CFK and S&P
® C-Sheet 240, respectively. The CFRP strips us@@ @A rectangular cross section with dimension
of 1.2 mm of thickness and 10 mm of height (Fig8uE?) available in rolls of 100 m or 150 m. The
carbon fibers sheet (Figure 3.13) is available mlaof 0.117 mm of thickness; the density is 1.7
g/cn?; Table 7 and Table 8 show their main properties.

Figure 3.12 — CFRP strips Figure 3.13 — Carbon fibers sheet

TABLE 7- CFRP LAMINATES PROPERTIES

Property
Tensile strength at elongation 0.6% 1000 MPa
Tensile strength at elongation 0.8% 1300 MPa
Elastic modulus 165 GPa

TABLE 8 - CFRP SHEET PROPERTIES

Property
Tensile strength 3800 MPa
Elastic modulus 240 GPa
Elongation at rupture 1.55%
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3.3.3 Epoxy adhesives
Three types of epoxy glues were used in this wiedk.the CFRP strips and CFRP sheetSk&
Resin 220andS&P Resin Epoxy 5@&ere used, respectively. Moreov8ikaduk-52 Injectionfrom

Sikd® Company was used for filling the cracks.

S&P Resin 22@poxy was used as binder in the NSM system. Inhis@hesive solvent-free,
thixotropic, grey two-component specially develogezm the company for bonding carbon fiber

laminates (S&P laminates CFK). The main charadtesisre listed in Table 9

TABLE 9 - CHARACTERISTIC OF S&P RESIN 220

Characteristic
Density 1.75 g/cnd
Bending tensile strength > 30 N/mn?
Compression strength > 90 N/mnt
Adhesive strength (on concrete) > 3 N/mn?
Adhesive strength (on S&P laminates CFK) > 3 N/mn?

TheS&P Resin Epoxy 58 a solvent-free, transparent 2-component epesinwith a formulated

amine hardener. Table 10 shows the main properties.

TABLE 10 - CHARACTERISTIC OF S&P RESIN EPOXY 50

Characteristic
Density 1.11 Kg/dni
Tensile strength (after 14 days) 35.8 N/mnt
Elongation at break 2.3%
Pull off strength on concrete Failure of concrete

Sikaduf-52 InjectionType N is a two part, solvent-free, low viscositjection liquid, based on
high strength epoxy resin. It is used to fill aealsvoids and cracks in structures such as bridgéds
other civil engineering buildings, industrial andsidential buildings, e.g. columns, beams,

foundations, walls, floors and water retaining stinwes. The main characteristics listed in Table 11
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TABLE 11 - CHARACTERISTIC OF SIKADUR®-52 INJECTION

Characteristic unit
Density 1.1 kg/dni
Compressive strength (According to ASTM D695-96) 52 N/mn?
Flexural strength (According to DIN 53452) 61 N/mnt
Tensile strength (According to ISO 527) 37 N/mnt

3.3.4 Chemical anchors

The anchors used in the present work are produgéldebHILTI® Company (Figure 3.14). Each
anchor has a diameter of 10 mm and a length o®0 The material was steel 8.8. Table 12 shows
the main properties. The anchors are chemically@mea to the concrete. The company provided
washers and nuts that were used in the whole grejeept the washers on precast panels. Those
ones were bought bigger than HILTI's washers ireottd increase the level of priestess applied to
the anchors without damaging the SHCC. This proeedas only used in precast solution; it is due
to the irregularities in the surface of RC joinda®HCC panels. This gap between surfaces can be
drastically reduced by pressing the SHCC panelsnsig@he exiting structural elements. The

flexibility of these panels is an important benefitSHCC.

mmmmmmnwmmmmmunmummmmﬁ} 2

Figure 3.14 — Anchors

TABLE 12 — MECHANICAL PROPERTIES OF ANCHORS

Properties Unit
Tensile strength 800 MPa
Yield stress 640 MPa

TheHilti ® HIT-HY 150 MAXglue is used to bond the metal anchors to conciteiea hybrid
adhesive mortar combining urethane methacrylate,reardener, cement and water (Figure 3.15).
The components are kept separate from the hardemkemwater by means of a dual-cylinder foil

cartridge attached to a manifold. The material progs for cured adhesive are listed in Table 13.
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150MAX050002 150MAXDS0002

Figure 3.15 - HIT-HY 150 MAX

TABLE 13 - MATERIAL PROPERTIES FOR CURED ADHESIVE

Properties Unit
Compressive strength (ASTM C 579) > 50 MPa
Flexural strength (ASTM C 580) >20 MPa
Modulus of Elasticity (ASTM C 307) > 3500 MPa

3.3.5 Strain gauges
All the strain gauges used in this work are suppiifem by Tokyo Sokki Kenkyujo Co., Itd.
Two types of strain gauges were used: one of 2 migadbon laminates and another one of 5 mm
on old steel reinforcement and on FRP sheet.
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3.4 Strengthening design

The strengthening technique adopted for the foacispens is a union of the NSM system with
FRP laminates inserted in the new cementitious maatzalled SHCC, already discussed separately
in Chapter 2. In particular, in this work it wasidied the same strengthening with two types of
realizations. In fact, cast-in-place strengtheniag made on the joints named JPB and JPA-3, while
pre-cast strengthening was adopted on the joidtedcdPA-1 and JPC. The originally of these
strengthening techniques (mainly pre-fabricatedefgnis from University of Minho, which are
currently on tentative of patent. For this reag@nresent dissertation cannot be public up terite

of this process.

3.4.1 Pre-cast solution

The idea of pre-cast solution which was alreadyettped at the Department of Civil Engineering
of UMinho was to base on a hybrid panel which cosagoby SHCC and carbon laminates placed
inside that cementitious material. Two carbon el@mevere used in the strengthening: CFRP
laminates, included in a cross panel with the N8&hhique, and CFRP sheet, which was glued in a
rectangular panel. Each panel was made with SHCterrak The cross panel was designed with
specific sizes along beam and column; this lattes walculated to be twice the height of the each
cross section. The thickness was 25 mm in orderstrt two carbon laminates of height of 10 mm,
in horizontal and vertical direction and arrangedwo layers. In this way 5 mm of SHCC protect
NSM system. Therefore, the panel was reinforcesh&ar and bending moment in the each beam,
each column and to shear in the joint area.

In this pre-cast system the main idea is to comively single particular of reinforcing at the figbr
as position, width and depth of all grooves, SHQ@@ng conditions, casting of NSM system and
relative environmental conditions as temperatum lumidity. All these factors could represent a
problem in cast-in-place solution. The precast tsmi) involving the use of panels, means the
realization in site of a fixing system that could bf different nature for instance: chemical or
mechanical. In this paper is presented a hybriteaysnade by anchors and epoxy glue as it showed
in Figure 3.16. In that figure the precast systenpriesented: the concrete surface is roughened
through the use of concrete roughed machinery. Emamor holes are drilled in the predesigned
positions into RC joint and precast panel. Onlgaén appropriate cleaning of all joint holes with
high pressure air, each hole is filled startingrfriie bottom with epoxy glue until two third of kol

At this point steel anchors are put inside maimtgjra rotational motion, in this way the glue comes
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out and no air enters. When the epoxy is hard aadmnchors are ready to develop enough strength
to fix the SHCC panel, everything is ready for tlext step. At this moment new epoxy glue is used
between old concrete and precast panel. One layspread on the concrete surface, previously
roughed, and another layer is spread on the preeast. Finally, until the epoxy is still workable,
the panel is put on the joint and screwed throdghdosure of all nuts. Through this system of
assembly it is ensured that the glue fills the gngpiaces in all anchor holes of the panel and the
excess epoxy comes out from the panel sides.

Precast strengthening strategy was adopted faisjdPA-1 and JPC.

SHCC with NSM

Nuts&Washers

&

&
&

&

Epoxy glue

Figure 3.16 — Pre-cast panel system

3.4.1.1 CROSS PANELS
The construction of the cross panels was perfonwittdthe following tasks:

» Casting panel: the fresh SHCC was applied frontddh@nd at the center of the formwork (Figure
3.17). In this strategy it was obtained an arrargygrof the fibers in the direction parallel to the
long sides. The SHCC was covered with a plastm {fFigure 3.18), de-molded 24 hours later
and kept wet during the first 7 days in the samarenmental of the RC joints.
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Figure 3.17 - Casting SHCC for precast panels Figure 3.18 - Curing conditions of precast panels

Cutting grooves: the grooves were cut by using sawnachines with dimensions of 10 mm of
depth and 5 mm of width in one direction (Figurg®d.and 20 m of depth and 5 mm of width in
the other direction (Figure 3.20). In this way tdifferent strengthened layers are performed.

Figure 3.19 — Cutting 10mm depth

Figure 3.20 — Cutting 20mm depth

Assembly of NSM system: each groove was cleaned pvigssured air; all grooves were filled
with epoxy glue (Figure 3.21). The CFRP laminates wleaned with acetone and after included

into the groove (Figure 3.22). They were made tawsp one for the joint called JPA-1 and
another for the coupling JPC.
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Figure 3.21 — Filling grooves with epoxy glue Figure 3.22 — Cleaning of carbon FRP laminates

* Moreover the surface, the surface of the panebimiarct with the existing RC joint was roughened

in order to improve the bond properties (Figure8®&2Figure 3.24).

Figure 3.23 — surface not completely roughened Figure 3.24 — Roughned surface ready
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3.41.2 RECTANGULAR PANELS
The second kind of panel was a HPC with rectangghape. Eight panels were made, four longer

panels for the beams and four shorter panels ferctlumns. The panels were designed with

dimension such as to cover the column and the eamlength of the plastic hinge. The thickness
was 2.5 cm. The construction procedure is the sdrtie cross panels previously explained however
Figure 3.25 and Figure 3.26 below show the maipsste

Figure 3.25 — Fresh selfcompact SHCC Figure 3.26 — Rectangular panels casted and
cover with plastic film
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3.4.2 Cast-in-place solution

The cast-in-place solution is based on the idetattteasame strengthening solution of precast
strategy should be made inside the concrete cdwbedrC joints. For this solution it was necessary
to remove the existing concrete cover in ordertodplaced by the SHCC material strengthened with
two layers of C-FRP laminates. Since each lamihasea width of 10 mm, 20 mm of concrete cover
must be assured in order to have two differentriay€he existing cover ranged between 16 to 20
mm due to the irregular position of stirrups. Hustreason the new cover was increased by 5 mm
(total of 25 mm) in order to safety allow the plan@nt of the two layers of carbon FRP laminates.

In cast-in-place strategy (Figure 3.27) no prinseadopted to improve bond between old concrete
and SHCC. To increase the bond between this neeriakband old one chemical anchors were used.
Additionally, using the same fixing solution betwigerecast and cast-in-place techniques allows a
better comparison in terms of results.

Cast-in-place strengthening strategy was adomtepints JPA-3 and JPB.

NSM C-bars

Anchors

ECC material

Figure 3.27 — Cast-in-place system
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3.4.3 General retrofitting details
Information regarding to this strengthening techeigloes not exist. For this reason reasonable

dimensions for the areas to be improved were adoptéce of the cross-section width (Figure 3.28).

B =300

400

A

Figure 3.28 — Strengthened area

For the reason explained above, the same strengtheonfiguration was adopt for all the
specimens in the cross area (Figure 3.29). Onlydifference is presents on shear strengthening of
JPC’s beams, step used about 20cm instead of H3 amthe others one according to J. Barros et al.
[17]. Basically, two different levels of carbon larates are used: horizontal and vertical (Figure
3.30). In order to have a safe SHCC thickness st-icaplace solutions, the concrete cover was

increased about 5mm.
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Figure 3.30 — intersection between carbon
laminates

Figure 3.29 — FRP laminates geometry for cross area is
the same between precast and cast-in-place system

The cross faces are strengthened in this way onrl]JRfugh precast system, and on JPA-3,
through cast-in-place system. Lateral faces arstmengthened with any system.

The others joints are also strengthened in latacals, JPB with cast-in-place system and JPC with
precast system. On JPB concrete cover was relthiSMCC and strengthened with NSM technique,
using two carbon-laminates por each face with samagacteristics mentioned above (Figure 3.31).
Each laminate has a length inside the concretedsgtw,5cm and 10cm.

Figure 3.31 — Lateral NSM strengthening on JPB, column is the vertical blue element

69



During the execution of holes for two of them thie'gp was met. To solve this problem a flexible
extension for the laminate was designed using cafiber sheet and epoxy glue S&P-50 as Figure
3.32 and Figure 3.33 show.

Figure 3.32 — fibers glued on laminate for a Figure 3.33 — Laminates with extensions ready
length of 5¢cm, red lines mark the borders

In order to have a different solution to comparéwtiis one, a precast lateral strengthening was
adopted on specimen JPC. 8 SHCC rectangular pamets fabricated. The carbon strengthening
adopted in this case isn't NSM but FRP sheet gleidveen concrete and SHCC as previously
performed by Esmaeeli et al. [36].

In both strengthening systems chemical anchordesigned to increase the bond between precast
panel or SHCC and old concrete. The depth was ohoserder to transfer the tensions to the core
of the concrete element and to guarantee a presstfe0 Nm.

For all details regarding geometry of the entirerggthening consult the drawings attached in
annex B1, B2, B3 and B4.

70



3.5 Specimens preparation

3.5.1 Joint JPA-1: precast solution

The preparation of the joint can be divided into twain parts: the reconstruction of the joint and

the application of the strengthening. Figure 313dvwsa 3D drawing of the joint reinforced.

Figure 3.34 - 3D view of JPA-1 joint after the precast retrofitting

Joint’s reconstruction

a) Reconstruction of the corner: this work was perfednusing mortar SikaGrout-213 which

was prepared according to the manufacturer's ictgtns. This task included the following steps:
removal of damaged old concrete in the corner anelacleaning with compressed air; application of
the formwork; wet the surface; preparation of theugs filling the formwork with grout (Figure 3.35)
and, leveling of the surface (Figure 3.36). Thetarowas de-molded after one day and kept wet the
surface for next 7 days (Figure 3.37).
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Figure 3.37 — New corner Figure 3.38 — Epoxy resin for injection

b) Crack selling: this step consists on filling thaaks with resin for injection in order to restore
the bond between the concrete and steel bars widimity of the cracks. It was used a low-viscgsit
epoxy resin SikaDur 52 Injection (Figure 3.38). Tgrecedure adopted was not able to close the
micro cracks with thickness under 0.2-0.3mm. Td #fea cracks the following main steps were
adopted: drilling of boreholes in the area of theck (crossing them); cleaning of the holes; ingert
of small transparent hoses inside the holes; ge#iim areas of the crack and around the hoses with
iron mass to prevent the resin to escape and thengrction of the resin.

Joint’s strengthening

The application of the strengthening was made mguse following steps:
a) Preparation of the concrete surface: the surfaceraaghened (Figure 3.39) by removing a
layer of 2-3mm of concrete with a specific hamntgg(re 3.40).

Figure 3.39 — Surface roughned Figure 3.40 — Hilti's hammer
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b) Application of anchors: it was used 18 anchors dbally bonded to concrete. To
perform this step the following procedures wereeadadrilling the old concrete and the panel
with a hole of 12 mm of diameter; cleaning thesmaarwith pressured air; fill the hole with the

adhesive; introduce the anchor in the hole.

Figure 3.41 — Drilling panel Figure 3.42 — Putting the anchors
c) Application of the panel: firstly the epoxy adhesS&P 220 was spread on the joint surface
and on the panel surface (Figure 3.43). The andilmwed positioning the panel correctly. Then the
anchors were closed with their bolts so as to adtiner panel. In this way it was assured no air lasbb

were present (Figure 3.44). A torque of 4@Nn all the anchors were applied.

Figure 3.43 — Spreading of the glue Figure 3.44 — Joint strengthened
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d) Rotation of the joint: after the joint recosttioa of the one surface of the specimen, it was
turned and then the another surface was recorstragth the procedures previoulsy referred. The
rotation was performed with the aid of steel chaing steel bars in order to minimize the introdurcti

of stresses during this phase (see Figure 3.45).

Figure 3.45 — Joint rotation
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3.5.2 Joint JPC: precast strengthening system

The strengthening adopted for the JPC specimencamposed by “cross” hybrid panels with
CFRP strips and the rectangular hybrid panels wadttbbon sheet. Figure 3.46 shows the pre-cast
“cross” panels with blue color and rectangular iykanels in the in the corners (represented in
green color).

Figure 3.46 - 3D view of JPC joint after the precast retrofitting

The preparation of the joint can be divided into twain parts: the reconstruction of the joint and
the application of the new reinforcement. Thesedwerations were performed in one faces, then the
specimen was turned, and the remaining surfacepwegsared. The joint reconstruction was made
using the following the main tasks:

a) Reconstruction of the surface: the old cover wasoreed and replaced with a new concrete
with the similar compressive strength. Hence it wamoved a layer of 2 cm with a jackhammer
(Figure 3.47), cleaning with compressed air, fijliof the crack with epoxy for injection, applicatio
of the formwork (Figure 3.48), application of thi#asn gauges (Figure 3.49), wet the surface,

75



preparation of the grout, casting the new coveellag of the surface (Figure 3.50). The mortar was

de-molded after one day and kept wet for next Bday
b)

N
VLN

Figure 3.47 — Concrete removal Figure 3.48 — Application of the formwork

T

Figure 3.49 — Application of the strain gauges Figure 3.50 — Casting of the new concrete

The application of the new reinforcement was male the following steps:
a) Preparation of the concrete surface: the surfaceraeghened removing a layer of 2-3mm of
concrete with a specific hammer in order to imprtive adherence with epoxy (Figure 3.51 and
Figure 3.52).

Figure 3.51 — Top surface roughened Figure 3.52 - Lateral surface roughened

b) Application of anchors: 18 anchors it was usedmprove the bond between old and new

cementations materials (Figure 3.53). This tasklwverthe following steps: drilling the old concrete
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and the panel (Figure 3.54) with holes of 12 mrdiafmeter; cleaning with pressured air; fill thedol
with chemically glue; introduce the anchor inside hole.

c) Application of the CFRP sheet: a carbon sheet wtasteed on the lateral face with epoxy
S&P 50; then the anchors were put in the same(Bidere 3.56). Two strain gauges were glued in

the same position of the longitudinal steel reioéonent (Figure 3.55).

Figure 3.55 — Putting of the strain gauges Figure 3.56 — Putting of the anchors in the lateral
surface

d) Application of the cross panel: firstly the epox§F5220 was spread on the top surface and
lateral surfaces of the joint (Figure 3.57); thiea top panel was installed (Figure 3.58). The arecho
allowed positioning the panel correctly. By apptyihe bolts in the anchors, the panel was properly
applied. A torque of 40 [¥h was used to prestress the anchors.

e) Application of rectangular panels: the epoxy S&Pn&® spread on the panel surface (Figure
3.59) and on carbon sheet (Figure 3.60). In thaselp similar procedure was adopted for the anchors

like in the “cross” panel (see previous step).
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Figure 3.57 — Spreading of glue in the panel Figure 3.58 — Installation of the panel

f) Rotation of the joint: after the joint recostructiof the one surface the specimen it was turned
and then the other one was reconstracted. The peroedure to the one described for the previous
joint, was used in the present one.

Figure 3.61 and Figure 3.62 show the final statéhefjoints after applying the lateral panels.

Figure 3.59 — Spreading of epoxy glue on the

carbon sheet

Figure 3.61 — Strengthening completed Figure 3.62 — Lateral strengthening completed
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3.5.3 Joint JPB: cast-in-place strengthening system
A cast-in-place solution was adopted for the JP&spen. Figure 3.63 shows the final aspect of
strengthened joint with SHCC material (grey coloryl CFRP bars (white color). The anchors applied

are visible too.

Figure 3.63 — 3D strengthened

The preparation of the joint can be divided into twain parts: the reconstruction of the joint and
the application of the strengthening. These twaapens were performed in one of its faces, then
the specimen was turned, and the other face wasu@e. The joint reconstruction was made with
the following main tasks:

a) Reconstruction of the surface: this task requites following steps: removal of the old
concrete cover with a jackhammer; filling of thexak with epoxy injection; application of the
formwork; application of the strain gauges; wet shieface; preparation of the SHCC (Figure 3.64),
casting the new cover (Figure 3.65 and Figure 3.864, leveling of the surface. The SHCC was
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very fluid and it did not need the vibration. THd@C was de-molded one day after casting and kept

wet for next 7 days (Figure 3.67).

Figure 3.66- Casting SHCC material Figure 3.67 - Preservation

The application of the CFRP materials was made thighfollowing steps:
c) Cutting of the grooves: grooves were cut with 5 winwidth and 10 mm of depth in one
direction while in the other one groove of 5 mmnadth and 20 mm of depth were cut. Figure 3.68

and Figure 3.69 show the final aspect of the greawehe top and lateral faces.

Figure 3.68 — Cutting grooves on the top surface Figure 3.69 — Cutting grooves on the lateral
surface
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d) Preparation of the CFRP material: the CFRP strigewut with the desired dimensions, and
then they were cleaned with acetone. Special CBRfhhate bars were prepared for the grooves of
the lateral faces of the joint with carbon sheelsefsee Figure 3.70 and Figure 3.71).

e) Installation of CFRP bars: the groove was cleanigd pressured air; then, filled with epoxy
adhesive S&P 220; and, finally the CFRP bars weeckided into the grooves (Figure 3.72).

f) Application of the anchors: the application of #nechors followed the same procedures of
the ones described in the previous joints (seer€iguw’3).

g) Rotation of the joint: similarly to the prevoueijs, the current one was turned to conclude
the strengthening.

Figure 3.70 — Preparation of CFRP laminate with  Figure 3.71 — CFRP laminate with carbon sheet
carbon sheet

Figure 3.72 — Installation of CFRP bars into the Figure 3.73 — Putting of anchors in JPB
groove.
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3.5.4 Joint JPA-3: cast-in-place strengthening system

A cast-in-place solution was also adopted for #hA-3 specimen. Figure 3.74 show the overall

aspect of the joint.

Figure 3.74 - 3D view of JPA-3 joint after the precast retrofitting

The preparation of the joint can be divided into twain parts: the reconstruction of the joint and
the application of the strengthening. These twaoapens were performed in one of faces of the joint
then the specimen was turned, and the face wasgepThe following steps were adopted for
strengthening JPA-3 joint:

a) Reconstruction of the surface: this task requinesfollowing steps: removal of the old
concrete cover with a jackhammer; filling of thadk with epoxy injection; application of
the formwork; application of the strain gauges; thet surface; preparation of the mortar;
casting lateral concrete cover with mortar (Fig8u#b) and cube specimens (Figure 3.78);
casting the cross face with SHCC (Figure 3.76); #éawkling of the surface. The SHCC
was very fluid and it did not need the vibratiotlneTSHCC and mortar were de-molded

82



one day after casting and kept wet for next 7 dgigure 3.77). In the present one SHCC

material was used as new concrete cover of thandpottom faces.

Figure 3.77 - Preservation Figure 3.78 — Cubic specimens

The application of the CFRP materials was made thighfollowing steps:
b) Cutting of the grooves: grooves were cut with 5 ofrvidth and 10 mm of depth in one
direction while in the other one groove of 5 mmwadith and 20 mm of depth were cut.
Figure 3.79 and Figure 3.80 and Figure 3.69 sh@xdbhnique.

Figure 3.79 — Cutting grooves on JPA-3 Figure 3.80 — Grinders
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c) Preparation of the CFRP material: the CFRP stripeveut with the desired dimensions,
and then they were cleaned with acetone.

d) Installation of CFRP bars: the groove was clean&t pressured air; then, filled with
epoxy adhesive S&P 220; and, finally the CFRP hegse included into the grooves
(Figure 3.81 and Figure 3.82).

B

Figure 3.81 — View 1 of CFRP bars into the groove Figure 3.82 - View 2 of CFRP bars into the groove

a) Application of the anchors: the application of #mehors followed the same procedures of
the ones described in the previous joints (Figu8& and Figure 3.84).

b) Rotation of the joint: similarly to the prevouesnits, the current one was turned to
conclude the strengthening.

Figure 3.83 — Drilling the hole on the top surface Figure 3.84 — Putting the anchors on JPA-3
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Chapter 4

Results

This chapter presents and analyses the resulbe ®€ joints after being strengthened and tested.
The specimens were tested with the same test gteyipusly described in the Chapter 3. Curve
forceversugdisplacement, maximum forces in both directionsiement in term of maximum forces,
initial stiffness, dissipate energies, degradatibmaximum force during 3 cycles and failure modes

are presented and discussed.

4.1 Force versus Displacement

The following four figures present the relationghlgetween the horizontal displacements at the
top of the column&: [mm]) and the applied lateral forces (KN]) for all the tested performed with
the RC joints after being strengthened. These digjaiso include the test results of the correspondi
specimen before the strengthening (original specghe

As it can be seen, for the joints JPA-1R (Figu®,41PB-R (Figure 4.3) and JPC-R (Figure 4.4)
the repairing and strengthening strategies addptetb relevant increment in term of load carrying
capacity, when compare to the relative referenbe.ificrement, as Table 14 shows, was about 22%
and 61% for the case of JPA-1R and JPB-R, resgdgtivi the JPA-3R the strengthening was almost
the same of JPA-1R; however the behavior aftent@stlower in terms of maximum load carrying
capacity, when compared with reference specimegu(gi4.2).

JPA-1R (Figure 4.1) was repaired and later streargtl using the precast solution with two
“cross” panels. When compared with the referene@-1IR registered an increment in terms of load
carrying capacity of about 22% in both directicas shown in Table 14. After the peak load the load
carrying capacity did not significantly drop remamin levels lower but close to maximum force.
For this reason the test was continued with twoendiisplacement levels of £150 mm and £190 mm.
During these cycles the axial load in the colums wareased a little for safe conditions. Only JPC-

R was not subjected to these two displacements.
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Figure 4.1 — Force (F¢) versus displacement (6) response for the specimens JPA-1R and JPA-3
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Figure 4.2 - Force (F¢) versus displacement (6) response for the specimens JPA-3R and JPA-3

86




60
=
)
|_|_U
40 -
20 —/
fl
T T T = :7’ v - (LA - T T T
-200 -150 -100 -50 1] - 50 ” 100 150
Il
‘ JPB-R
20/ JPB
-40
5, [mm]
60

Figure 4.3 — Force (F¢) versus displacement (6) response for the specimens JPB-R and JPB
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Figure 4.4 — Force (F¢) versus displacement (6) response for the specimens JPC-R and JPC
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An interesting behavior of JPA-3R strengthened ispee (see Figure 4.2) is observed only in
elastic phase, after the specimen did not readnege¢ak load observed in the reference specimen
(no strengthened), being the decrement of thedi@ice equals to at about 5% and 9%, respectively
for the positive and negative directions. The raedeothis behavior could be related with the siggt
adopted during the repairing phase. This specinedor® the strengthening presented a significant
damage level in the interior part of the joint. grthe repairing phase several cracks with non-
negligible width were tried to be sealed with theously refereed epoxy adhesive. This epoxy was
injected with a low pressure. So this procedure matyadequately repair the joint. Even if the
strengthening amount of the retrofitting adoptedtlia specimen is comparable with that used on
JPA-1R, the final behavior of JPA-3R reveals thgcal importance of the repairing step, sealing
cracks in particular.

As previously referred, Figure 4.3 presents thparse JPB-R and its reference specimen (JPB)
in terms of lateral horizontal forces and corregfing. The strengthened specimen presented really
interesting results, increasing the load carryiagacity without a sudden fall of the resistancelev
after the peak. In fact the RC joint reached th&imam forces of 52.7 kN in positive and -57.1 kN
and negative directions, with an increment respedhe reference one at about 33% and 61%,
respectively. The strengthening system used fergbecimen was cast-in-place in all faces. This can
explain the high reached values during the test.

Finally, Figure 4.4 presents the relationship betwhkorizontal lateral forces and corresponding
displacements for the JPC-R and its reference, ARGncrement for the load carrying capacity of
retrofitted specimen was registered; in fact thetjreached maximum forces of 57.2 kN in positive
and -56.8 kN in negative direction, with an incremespect to the reference at about 50% and 55%,
respectively. After the pick load the strength greq a little for some cycle levels and it descended
definitely to the same values of the referenceh@ldgh this joint presented the best old steel
reinforcement, the strengthening strategy adopesivet able to keep higher load than the reference
values. The brittle failure can explain this sudgémad drop.

Table 14 presents the main results in terms of mam force reached in both directions for
retrofitted specimens (JPA-1R, JPA-3R, JPB-R ard-BIp and also for the references specimens
(JPA-3, JPB and JPC). In the same table is alseegththe force increment for the peak load, when

compared with the reference specimen.
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Table 14 — Main results obtained in the tested specimens

Femax™ Increment OFc,max’ Femax Increment OFc,max

specimen [kN] % [mm] [kN] % [mm]
JPA-3 43,2 43,2 -41,8 -69,5
JPA-1R 52,6 22% 79,6 -51,2 22% -69,2
JPA-3 43,2 43,2 -41,8 -69,5
JPA-3R 40,8 -5% 50,3 -38,0 -9% -50,1
JPB 39,5 67,2 -35,4 -59,6
JPB-R 52,7 33% 50,1 -57,1 61% -70,3
JPC 38,2 97,2 -36,6 -87,7
JPC-R 57,2 50% 49,4 -56,8 55% -79,1

Table 15 shows the strength degradation for théesymrresponding to the peak load. As it can
be seen, JPA-1R reached higher value in termsak [pad when compared with JPA-3; moreover
the strength degradation in the two consecutivéesywas lesser than the reference degradation. Only
4% after the second cycle and 7% after the thirdecyor JPA-1R, while for the reference the
degradation was about 9% and 11%, respectivelymilas behavior was observed for the case of
the negative direction.

JPA-3R showed comparable degradations with théivelaeferences in both direction. JPB-R
presented a better behavior of this parametereimégative direction, reaching in the third cyaiéyo
9% instead of 13% of the reference while compardb@gadation in the positive direction.

Despite of the JPC-R specimen has reached the roaxiabsolute force between all the tested
specimens, significant strength degradation warebd for the peak load cycles. In fact the
degradation for the next two cycles was about 2@%asitive direction and 29% in negative

direction, whereas the reference reached a maxiahgolute value of 12%.
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Table 15 — Strength degradation at the peak load for all the tests

cycle Force Degradation cycle Force Degradation
Specimen [n°] [kN] % [n°] [kN] %
34 43,2 31 -41,8
JPA-3 35 39,3 9% 32 -39,1 7%
36 38,4 11% 33 -37,9 9%
34 52,6 31 -51,2
JPA-1R 35 50,3 4% 32 -49,4 3%
36 48,9 7% 33 -48,2 6%
34 43,2 31 -41,8
JPA-3 35 39,3 9% 32 -39,1 7%
36 38,4 11% 33 -37,9 9%
25 40,8 25 -38,0
JPA-3R 26 38,1 7% 26 -35,2 7%
27 36,5 11% 27 -33,5 12%
31 39,5 28 -35,4
JPB 32 37,0 6% 29 -32,1 9%
33 35,8 9% 30 -30,6 13%
25 52,7 31 -57,1
JPB-R 26 50,4 4% 32 -54,3 5%
27 47,8 9% 33 -52,2 9%
40 38,2 37 -36,6
JPC 41 36,7 4% 38 -34,2 7%
42 33,8 12% 39 -32,8 10%
25 57,2 34 -56,8
JPC-R 26 48,5 15% 35 -44,6 22%
27 45,7 20% 36 -40,2 29%

4.2 Stiffness

An important parameter for evaluating a repairiaghhique is initial stiffness observed in the
repaired specimens. Table 16 shows the initiafnstsis of each repaired specimen and the
corresponding reference specimen. For specimensl®And JPC-R the increment of initial
stiffness is about 22% and 23% respectively. Ondtiner hand JPA-3R and JPB-R, the initial
stiffness decreased at about 20% and 24%, resphgtiwhen compared with the reference
specimens.

The procedure for restoring was the same for alsiiecimens, however due to the impossibility
to use high pressure systems for injecting theriesseal the existing micro cracks in the JPB-& an
JPA-3R specimens may contributed for this loweravedr. Another reason could be related to the
strengthening system adopted for the specimeifaciioth specimens that presented higher stiffness

were retrofitted with precast solutions. The uséimdustrial” preparation of panels increased the
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effective cross-section areas of the beams andre@wcomposing the joint. In addition to that, the
higher quality control of this system associatéh®use of epoxy to fix the panels to concreteatoul
also provide a higher initial stiffness for precagstem.

Table 16 — Initial Stiffness

Ei Increment
Specimen [kN/mm] %
JPA-3 4,33
JPA-1R 5,27 22%
JPA-3 4,33
JPA-3R 3,48 -20%
JPB 5,05
JPB-R 3,82 -24%
JIPC 5,10
JPC-R 6,28 23%

4.3 Dissipated energy

Table 17 shows the results in term of dissipatestrggn The values were calculated using the
trapezium rule to estimate the area under the feecgus displacement curves shown in Figure 4.1,
Figure 4.2, Figure 4.3 and Figure 4.4. An incraagerms of dissipated energy was observed for all
the strengthened specimens when compared witlettence ones. The highest increases were about
84% up to 94% for the case of JPC-R and JPB-Reotisely. JPA-3 presented a slight increase of
about 5%.

In terms of dissipated energy, all the reinforcadts presented higher values of average 51 kNm

Table 17 — Dissipated energy

Eq Increment
specimen  [kNm] %
JPA-3 42,4
JPA-1R 52,3 23%
JPA-3 42,4
JPA-3R 44,5 5%
JPB 27,4
JPB-R 53,3 94%
JPC 29,4
JPC-R 54,0 84%
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4.4 Specimens failure modes

Figure 4.5 shows the damages observed in the JP#tr&éRgthened joint at end of the test. In the
drawing the red lines represent the cracks ongkeisien while the blue lines represent the micro-
cracks observed on the SHCC panels. In order tahgemicro-cracks on SHCC surface, synthetic
oil was sprayed at the beginning of the test. lher JPA-1R joint the following damages can be
summarized: on the beam one crack arose in the pasion of existing one crack at level 50 mm

(Figure 4.6) while two new cracks arose at ends®fpanel at level 60 mm.

Figure 4.5 — JPA-1R’s crack pattern
Figure 4.7Diagonals cracks appeared in the middp@poel for a displacement of 60 mm. Figure
4.7 shows the “cross” important cracks and sevaralo-cracks in the joint region. The cracks were
well visible on the precast panel (Figure 4.6) andhe concrete surface.

T sl

Figure 4.6 — Cracks on the beam Figure 4.7 — Diagonal cracks in the joint region
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No cracks were observed in the column. The compr@sented the detachment of the old concrete
cover at level 150 mm (Figure 4.8). The damagehenIHCC panel was characterized by several
micro-cracks. Figure 4.9 shows the micro-crackh@wvicinity of the longitudinal carbon laminates.
The multi-cracks demonstrate the good collaboradbietwveen the two different materials used in this

system.

Figure 4.8 - Detachment of the old concrete cover Figure 4.9 — Micro-crack on the SHCC panel along
longitudinal carbon laminate

Figure 4.10 shows the damage observed in the JBffeRbeing tested. Four major cracks on the
beam two cracks close to joint region (Figure 4afd Figure 4.12) and two cracks at the end of the
panel were perfectly identified. Figure 4.13 albows the “diagonal” cracks on the joint region,

composed by micro-cracks in the prefabricated pahelcracks were observed in the column.

)
S
o

Figure 4.10 — JPC-R’s crack pattern
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Several micro-cracks were spread on the panelcurfagure 4.14 shows the micro-cracks in the

SHCC panel along the longitudinal carbon laminatation.

-

Figure 4.13 — Bending failure in the beam and Figure 4.14 — Micro-cracks in SHCC panel along
several micro-cracks in the joint area longitudinal carbon laminate location
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The Figure 4.15 shows the main damages observatdaiPA-3R prototype at end of the test. This
specimen presented a main damage characterize@dd®san the joint region and a large amount of
micro-cracks along the longitudinal laminates lamatand at the middle of joint. No significant
cracks formed along the column and beam.

)
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Figure 4.15 — JPA-3R’s crack pattern

Figure 4.17 shows details about the failure ajdhe region. As can be seen in Figure 4.18 several
cracks occurred on the lateral faces. Comparindritpere 4.16 with the Figure 4.18 it is possible to
note the different configuration of the crack os ®HCC material and on normal concrete. Figure
4.19 show the failure of the longitudinal CFRP Iaate due to the detachment of the concrete.

Figure 4.16 — Crack on the top surface, JPA-3 Figure 4.17 — Failure of the joint region in JPA-3
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Figure 4.18 — Crack on the lateral surface, JPA-3 Figure 4.19 — Failure of the longitudinal bars, JPA-3

The Figure 4.20 shows the final state of JPB-R isp&t after being tested. The specimen
presented a damage characterized by cracks imititer¢gion and a large amount of micro-cracks
along the longitudinal laminates location and ie thiddle of joint, as it can be seen in Figure 4.21
and Figure 4.22. The crack pattern observed in dhiginal specimen (non-strengthened)
characterized by bending failure at the columnsyedoto the joint area for the case of the

strengthening prototype.

Figure 4.20 — JPB-R’s crack pattern

The diagonal cracks occurred in the same positidheodiagonal laminates location. The bottom

surface presented the same damage of the top si{Fegire 4.22).
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Figure 4.21 — Crack on the top surface, JPB joint Figure 4.22 — Crack on the bottom surface, JPB
joint
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Chapter 5

Conclusions

In the present work four beam-column joints reinéat with plane rebars previously tested under
cyclic loading up to the failure, were repaired atitngthened according to NSM technique and
using SHCC material as part of retrofitting. Twéfelient approaches were adopted: precast and cast-
in-place systems. Two specimens were strengthesiad the first approach: in one joint only bottom
and top faces were strengthened (JPA-1R) wherdhs other one joint in all faces were strengthened
(JPC-R). The others two specimens were strengthesiad the cast-in-place approach, and similar
strengthening strategy, i.e. in one prototype dmditom and top faces were strengthened (JPA-3R)
while in the other one specimen all faces werengtteened (JPB-R).

In terms of forceversusdisplacement relationships, JPC-R, JPB-R and JRgfgsented higher
values of for the peak load when compared withréifierence specimens. On the other side, JPA-3R
presented a lower peak load when compared withetteeence one. The explanation for this weak
behavior could be associated to the use of a nopeprrepairing procedure for sealing the cracks of
the original joints. In spite of that, good resuliere obtained in terms of dissipated energy and in
terms of failure mode. In fact the failure did maturred in columns. All the others joints presdnte
increasing in terms of peak load in both directiaf3C-R showed a relevant decreasing in term of
strength degradation in both directions for thekpead cycles in spite of this specimen presented
the greatest peak load value.

JPB-R and JPC-R presented higher dissipated etieagythe reference specimens. In terms of
failure modes important results were also observefact in all the non-strengthened joints, begdin
failure modes were observed in all the columngheretrofitted joints failure was not observed in
all the columns. However for specimen JPA-1, JP&nr8 JPB the crack pattern observed in the
columns of the original specimens, after the te$tstrengthening specimens the type of failure
moved to the joint area. The explanation to thid faould be associated to the insufficient shear
strengthening and poor confinement of joint. Betrengthening, specimen JPC presented failures
in columns and beams, after that the failures inmnas moved to the beams. The reason could be
related to the better confinement of the joint atea to presence in the joint area of stirrupsaitiet

not present for the other samples.
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JPB-R and JPC-R were strengthened in all facesgusast-in-place and precast system,
respectively. JPA-1R was strengthened only in lpotnd top faces using precast system and also it
presented the lower old steel reinforcement betwhese. However JPA-1R almost reached the
maximum peak load of the other two, obtained thyhéi initial stiffness with JPC-R and improved
the failure mode.

In general the results showed that if the existiragks are properly sealed, both precast and cast-
in-place strategies can bring very interestinggrentinces. However more work needs to be done in
this field with more specimens in order to valid#tes strategies. Also, the introduction of non-
damaged specimens and joints reinforced with rildeed in future researches can be very useful in

order to see the actual benefits that retrofitiag give.
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CREATO CON LA VERSIONE DIDATTICA DI UN PRODOTTO AUTODESK

CREATO CON LA VERSIONE DIDATTICA DI UN PRODOTTO AUTODESK

T T T ‘ T
L L o L u
I I I N
I I I u
dl=z= = = === =l dl= = = == = =l
I I I u
I I I u
I I I u
I I I u
! ! ! . Reinforcement||||lin
I I H
o " I i strengthened area
******* e
33 : :: : of JPA-1
I I I u
I I I u
I I I u
I I I H
I H
:: :: L L L Legend:
:::H::::::g::::::‘;:::::;‘::::::E:fffffff:f::::;‘::::::%::::::r;:::::f‘:::: ﬁ::::::::ﬂ
I I I I i 1 I I I I I _ N C o Steel reinforcement
" I I " i I I " I I i 20=12 n Border strengthened |[ares
! ! ! ! o ] ! ! ! ! ! ! 190cm along the beary
:: : : :: o ! : :: :: . pe8i20 onem atons fhe et
" I I " i I I " " I 1/ I
! ] ] ! o ] ] ! ! ! LAz
e e et e e il el o & Y
- %:::::::::J‘:I | i 777777 T‘
. . . .
I I I u
I I I u
I I I H
I I I H
I I I u
I I I u
I I I u
I I I u
A I I A I u
I I I u
I I I u
I I I u
= = = === =l dl= = = === =l
I I I u
I I I u
I I I u
T T m 7 T T
|1 . |1 |1 . Ll -
A-A M | o .
f_._lu | _|
Y f"‘“.w\-u:c'x:{l_rﬁ,_ i\
| | | | YA
bl e o G | e e e 2 e e
1 I I n I 1 " I
::::‘;:::::;‘::::::::‘;:::::::::::::::: 40=12 ::::::‘;::::::::‘;::::::::::::::‘g‘::::
***:‘f ***** T‘:****:::‘r::::::::::::::::/—®=8/25 ::,:::‘I::::::::‘r::::::::::::::!::::
e I " :: :: I " " I .
:::‘L‘;:::::qg::::::‘t‘;::::::H::::::‘\g::::::g/‘::::g::::::‘t‘;::::::H::::::g:::: SChaIe ratlo1,20

MS3AOLNV OL110da0¥d NN 1d VIILLvAadid INOISHIA V1 NOD OLV3™D

MS3AO0LNV 0110d0¥d NN 1d VIIL1Lvadid INOISHIA V1 NOD OLV3¥D



CREATO CON LA VERSIONE DIDATTICA DI UN PRODOTTO AUTODESK

CREATO CON LA VERSIONE DIDATTICA DI UN PRODOTTO AUTODESK

= .i =
T T T T A
R .
] ] ] . Reinforcement|||]/ir
] Bl strengthened giea
! ! ! ! of JPA-3
| | Ll . Legend:
::;‘::::::H::::::;‘::::::g:::::f"ﬁ:ffffffﬂf:f::::%::::::%:::::;‘::::::%:::: "/"::::::::‘\“ .
1" i i 1" o :: I i 1" 1" i I 20=12 I C 7 Steel reinforcement
! ! ! ! e L ! ! : : ! ! Border strengthened |anes
! ! ! ! o 0 ! ! ! ! ! ! 190cm along the begf
: :: :: : o o : : :: g0 emaong e e
Il 1" 1" Il 1N [ 1" Il Il 1" | I
! ! ! ! i o ! ! ! ! Rk
::f‘::::::”::::::ﬂ‘::::::5:::::i‘é:;;;;;;H;E::::E::::::5:::::ﬁ‘::::::Li:::: H,::\::‘\::;\,‘,f‘
I I L [l
:: :: an) I :: A
A'A B - (els | ined
I, :f y u[:j
| &% k$| | | ‘:J.:‘VI
\./"."t,('_ H
"«\’ s A
| | | AN

MS3AOLNV OL110da0¥d NN 1d VIILLvAadid INOISHIA V1 NOD OLV3™D

MS3AO0LNV 0110d0¥d NN 1d VIIL1Lvadid INOISHIA V1 NOD OLV3¥D



CREATO CON LA VERSIONE DIDATTICA DI UN PRODOTTO AUTODESK

CREATO CON LA VERSIONE DIDATTICA DI UN PRODOTTO AUTODESK

T N T T M T A
L L L R Ll Ll
I I I I H H
I I I I ' '
clkE = = dl= = = 413 dl= = = H = = =lIh
I I I I H H
I I I I H H
I I I I H H
[‘F::;‘:::;‘] E“:::F‘:::":l . i
L | L Reinforcement|||| ir
I I I I ' '
SE==R==p strengthened grea
I I I I H H
I I I I I I OfJPC
1 I I N H '
I I I I H H
1 I I N I '
I I I I ' '
I I I | Ll Ll Legend:
n n n n n n n clEm = dlo = = 413 n n &l al n &l n &l al = = = = = = = —\
e e e e e e e e s e sl e ( ) '
I Il Il Il I Il I I [ (RN Il I I Il Il Il Il Il Il Il I 2@_12 I [ Steel relnforcement
n I I I n I n n o Y ERTET I I I I I I I " - "
n I I I n I n n o Y ERTET I I I I I I I I I Borderstrengthenejfarea
n I I I n I n n o Y ERTET I I I I I I I " " :]Iggcma:ongmebear
e N O . @=8/10 ! R 1
n I I I n I n n o Y ERTET I I I I I I I \/ I
I I I I I I I I o Y ETET I I I I I I I I 40=12
n I I I n I n n o Y ERTET I I I I I I I I I
e el et e el et el el il el [ Z o JJ
u U U U u U u u 1 u I u 17 o U U u U U m U u \"— === = = = —~/
I I I * I [l [l
N A I I
ST T T T T R R
I I I I H H
I I I I ' '
I I I I H H
I I I I H H
ClE = = 1= = = I3 b i e [
I I I I H H
I I I I H H
1 I I N H '
1 N I N H i
I I I I H H
I I I I H H
I I I I H H
clE = = 4l= = = 413 dl=z= = = H = = =lh
T T T m B I I
[l I |1 |1 Ll |l
|
m m .
\ l., b
LH:J.-'I

P

:
iy
* i Ok
\—t & =4

— - - - = = = — L "_ _ _ 0T .- - .- .- - " 0 | —
NhEi-E - == — = - == ——1F—— - ~- -1 - - 1-
T TR I " I " I " I
T A (Y O VR
N T e T
3 TR TR I " I " I " I
\/7 WEE3QZ S EfEZZFECZ S EZZ®H-ZZ-ZZEzZZ@Hlzd
T TR I " I " I " I
,,,,,, B e et el e i e il el il

Bl s st ol o o8 5 ‘.IJ“‘._ :

B e o T |
iVl Sitiatie 1

MS3AOLNV OL110da0¥d NN 1d VIILLvAadid INOISHIA V1 NOD OLV3™D

MS3AO0LNV 0110d0¥d NN 1d VIIL1Lvadid INOISHIA V1 NOD OLV3¥D



CREATO CON LA VERSIONE DIDATTICA DI UN PRODOTTO AUTODESK

CREATO CON LA VERSIONE DIDATTICA DI UN PRODOTTO AUTODESK

- *7;;;““
Al | '
T N T T Il T
DR ST Reinforcement||||liin
SR ST strengthened grea
of JPB
11”7117”11 L ! ! . Legend:
:::::::::::::;‘::::::::‘;::::::::::::;‘::i::;‘::::‘;i::::::::::::::T:::::::i:::::::::: 11 ;az=’1;” 11 . Steel reinforcement
I I N N TN o N N I I I I Border strengthened [ahs5
e | | T50em ong e bl
:: :: : I : : :: :: g0 emaong e e
I I N N TN o N N I I 1/ I
! ! ! ! SRR ! ! ! | . 4e=12 ]
e e el el ettt el [ . o JJ
e e = == = == = —/
I I I I [l [l I
S===gscop S==cRss P
o n x
A-A n Rk Re]
l’I 5 k:{a‘.l | ._‘ j
| | | YA\

MS3AOLNV OL110da0¥d NN 1d VIILLvAadid INOISHIA V1 NOD OLV3™D

MS3AO0LNV 0110d0¥d NN 1d VIIL1Lvadid INOISHIA V1 NOD OLV3¥D



CREATO CON LA VERSIONE DIDATTICA DI UN PRODOTTO AUTODESK

CREATO CON LA VERSIONE DIDATTICA DI UN PRODOTTO AUTODESK

-
1
T T M [T] e .
\L e J | | |
T TR I m -
I I | |
I I | |
FFE======F7 - = —
I I | | |
I I [ [
s - - — Precast
! ! | | Strengthening|||forn
11 11 1 | specimen
I I | |
L oo - - JPA-1R
I I | |
I I I [ [
o - - - - — — 44 - ke —
| | | ‘ Legend of retrofitting
| | N0 2 O N | E | RO | AR I | |
T 1 R | T T 1 N T n I ]
I I I I I I I I TN L7 I I I I I I I I — I I mm NSM, groove width Brjm
I I I I I I I I TN T I I I I I I I I I I C 2 strip dimentions 1,4110mm
I I I I I I I I I I I I I I I I I I | |
I I I I I I I I I N4 I I I I I I I I I | |
I I I I I I I I I PR I I I I I I I I I I [ [ Anchor M10 8.8
I I I I I I I I I 4, I I I I I I I I I | [
[ [ [ [ [ [ [ I [ [ I [ [ [ [ [ [ [ [ [ [ ] SHCC
I I I I I I I I K N I I I I I I I I — 1 1
::”:::”:::”::::”:::”:::”::::“:::”:::‘2/::::::\\ﬁ‘!:::”:::“::::”:::”:::”::::”:::”:::”:: - . _— unidirectional CFRR|shEeet
[ I i [ I i [ I Al N I i [ I i [ I i [ [
:: :: | | [] S&P epoxy resin 240
EFE=======35= - = —
:: :: — : : [".] Mortar low resistangs
e — — — — — — 4 = e —
I I | |
I I | |
L | | |
I I n m -
I I | |
I I | |
I I | |
I I I [ [
Bl = = = — = — o4l — - e 1
I I | |
I I | |
L ) )
T I n m Ne)
I I m Ll L K
m o oo
- <X 1120 | e2ie | /) il
Vet |\ |{HD
| £ kﬁ‘.l | | H:J i
| | | LGEC
7’: :I p— :I: JE— F JE— :I g :I: JE— F E— jl R :l: P F - - ZO= = = f. 0= :I: E = F E— :I JE— :I: I = F JE— :I JE— :I: = = F :‘ : o 1“.‘\'-.L"--}._’-_?___’_\

MS3AOLNV OL110da0¥d NN 1d VIILLvAadid INOISHIA V1 NOD OLV3™D

MS3AO0LNV 0110d0¥d NN 1d VIIL1Lvadid INOISHIA V1 NOD OLV3¥D



CREATO CON LA VERSIONE DIDATTICA DI UN PRODOTTO AUTODESK

CREATO CON LA VERSIONE DIDATTICA DI UN PRODOTTO AUTODESK

L sa E .
R S, e
p o 9%
R N N
DN . .
. .o
N N
ke A
a o N
NS S L :
. b4 . .
- S e
LA :.
IR
A N Lo ba
o LD
[ B
A a .
| G I -
ba .
R G
LI b4’
M SR Lo
ca T
. .4

AR .

Cast-in-place
Strengthening|||for
specimen
JPA-3R

Legend of retrofitting

mm NSM, groove width 3I11
[ 2 strip dimentions 1,4/11(

Anchor M10 8.8
[ ] SHCC
unidirectional CFRR|#

[] S&P epoxy resin 23

<

£ ] Mortar low resistan¢g

b

—

[ s poe nis o

= z o Sl oo o)
Ve S e LR Ve

3 —
| ) -
b S —
= s

MS3AOLNV OL110da0¥d NN 1d VIILLvAadid INOISHIA V1 NOD OLV3™D

MS3AO0LNV 0110d0¥d NN 1d VIIL1Lvadid INOISHIA V1 NOD OLV3¥D



CREATO CON LA VERSIONE DIDATTICA DI UN PRODOTTO AUTODESK

CREATO CON LA VERSIONE DIDATTICA DI UN PRODOTTO AUTODESK

— — = |I||
- )
q
sf=>5--==34 — - BN
h - e o - - — Precast
] | | Strengthening|||forn
11 11 1 | specimen
- i -~ |JPCR
e i H
- i i i I " i i i 1 ‘ ‘ Legend of retrofittifjgy
:T::::T:::::T:::::T::::Ti::::j*’/T::::T::::::11:::::::11:::::11:: — T T O mm NSM, groove width [ffjm
I I I I TN S I I I I ! ! C O strip dimentions 1,4(110mm
:: :: :: :: Lo :: :: :: :: — & | Anchor M108.3
11 11 11 11 " S 11 11 11 11 11 | l ] SHCC
::::::::::::::::::::::::::::::::::::/%//::::::\\f%\:::::::::::::::::::::::::::::::::::: + + — unidirectional CFRR|sheet
| :: :: ] | | [] S&P epoxy resin 220
:: :: - : : [".] Mortar low resistangs
=k ======Z | —— ke —
e sl L M
A-A m o Rl i
| H | H \oob L&l it
| | | | | | | | | \osis 1) | i/
| ey | oracesi
7’:;:::I:::F:::I:::I:::F::jl:::I:::F:W:i:W:jl:::I:::F:::I:::I:::F:::I:::I:::Fi‘i : o \\Q‘{?_—_’_\‘&

MS3AOLNV OL110da0¥d NN 1d VIILLvAadid INOISHIA V1 NOD OLV3™D

MS3AO0LNV 0110d0¥d NN 1d VIIL1Lvadid INOISHIA V1 NOD OLV3¥D



CREATO CON LA VERSIONE DIDATTICA DI UN PRODOTTO AUTODESK

CREATO CON LA VERSIONE DIDATTICA DI UN PRODOTTO AUTODESK

Precast
Strengthening
specimen
JPB-R

Legend of retrofittir

mm NSM, groove width 4
C 7 strip dimentions 1,4

Anchor M10 8.8
[ ] SHCC

unidirectional CFRR|#hge

[] S&P epoxy resin 23

<

[".] Mortar low resistan¢g

T

| —
TV r A P YT F 7 P 7 (TN Cw
LB ERTES = VSN

e

MS3AOLNV OL110da0¥d NN 1d VIILLvAadid INOISHIA V1 NOD OLV3™D

MS3AO0LNV 0110d0¥d NN 1d VIIL1Lvadid INOISHIA V1 NOD OLV3¥D



