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The aging of the built heritagend infrastructures throughout the civil and
industrialized worldas well agheir deterioration due to environmental effects,
andor changing in service demand, lead to increasing intereet/gltechniques
aimed todesign, maintaimndrehabilitateconcrete structures.

Among the available strengthening techniques for improving the performance
of concrete structures, the strengthening with Fibre Reinforced Polymers (FRP)
gained huge and fast popularity during the last twenty years in the field of civil
engineering. Their increasing popularity is maimgtated to their attractive
properties, such aslight-weight excellent durability propertieselectre
magnetic permeabilitycorrosion resistan¢digh versatility since a wide range
of pr oduanddimensiam & @wikhlease and speed of application.
Therefore, these materials experieneetkecognitionas effective and efficient
materials, even if the composite products are relatively expensive, in comparison
with the traditional materials for structural strengthening, such as concrete and
steel. Actually, the spread of FRPs for civil infrastructureliegtions led to a
decrease of the FRP casts

The FRP products widely used to repair/strengthen structures are bars, plates,
sheets and wraps. They are obtained combining two matesgiglly high
strengthfibres and polymeric or cementitious matrborming a new useful
product with enhanced properties, which are usually superior to those of the
individual constituentsThe high strength fibres sustain loads while the matrix
transfers thdoads to the fibres, also protecting them from environmental and
mechanical damageSimilarly, in the FRP strengthened RC members, the
strengthening system is made asf FRP productand a bonding agent, which
transfes the load from the RC member to the strengthemnagerial In civil
engineering application the mosiramonly used bonding agents are polymeric
resins, even if cementitious adhesive are experiencing widely spread in this field,
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since their lower costs and their better behaviour in not ordinary condition, such
as in fire, in comparison with resins.

In the feld of external strengthening of RC members using bonded FRP sheets
or strips with an adhesive, the most popular technique is the Externally Bonded
Reinforcement (EBR) that have several practical limitations both in ordinary and
not ordinary conditionsBased on several experimental studieBR is often
unable tgorovidethe full tensile strength of the FRPoduct due tohe failure in
the bond region, which occurs prior to the designed or predicted capacity of the
strengthened memheMoreover, being gpied at the outer surface of RC
members, EBR is directly exposed to environmental effects, fire, and vandalism.
EBR may also result uneconomical due to limiting values of strain, imposed by
several design procedures.

The alternative strengthening techregqihat experienced a widespread in the
recent years is the Near Surface Mounted (NSM) strengthening syst&mch
the FRP is placed into the grooeet into the surface of structural members, and
bonded through amadhesive(epoxy resinor cement mortar Several studies
demonstrated that NSM with epoxy adhesive exhibits a better bond behaviour
than EBR. Moreover, NSM is less prone to external kttaimce the FRP is
completely embedded in the adhesiespite that, the effectiveness of epoxy
adhesivemay be affected by high temperature, whereas cementitious adhesive
may offer better performandhan epoxieskeeping low the temperature in the
FRP.

Objectively, the available literature about the behaviour of NSM FRP
strengthened RC members is still lied, if compared to that available for EBR
strengthening technique. Even worse is the knowledge about NSM with
cementitious adhesivim not ordinary condition (fire)For this reason, very
limited indications are available in the current codeslesignng andpredictng
the capacity of the NSM strengthened members.

1.1RESEARCH SIGNIFICANCE

At date, the performance of NSM strengthened RC members with
cementitious adhesive both at ambient and at high tempelainet yet been
significantly studied throughesearchaside from a limited number aefvailable
studies(see alscChapter 2 NSM FRP strengthening is potentially less prone to
damage due to fire exposure than EBR FRBo without costly insulation
systems,provided that: (a) an FRP strengtheningitenial with high glass

transition temperature™) and decomposition temperaturéy); and (b) a
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bonding agent with low thermal conductivity and good thermal stability, are used.
FRRNSM systems with cementitious adhesives may perform better at high
temperatures because: (a) cementitious grout is not as severely affected as typical
epoxies by elevated temperature; (b) the cementitious grout can provide
additional thermal protection to the FRP bars; and (c) the resin of the FRP bar,
when the bais mandactured by pultrusion, typically has “¥ higher than
common insitu cured epoxy resins used in wet-lgy FRP strengthening
applications.

Keeping that in mindhe thesisshows a researgiroject undertaken on a high
“Y FRP strengthening systebonded in a groove (NSM) with cementitious
matrix, aimed to define its response at ambient and at elevated temperature.

Dynamic Mechanic Analysis (DMA) and Theogravimetric Analysis (TGA)
on the novel, higliY commercial CFRRvere conductedThermal caductivity
tests were also performed on tBERP and on theementitious grout, to verify
theirthermal conductivies( &)

In order to investigate the behaviour of the CFRP NSM strengthening system
bonded incementitious agent, a series of bond testsewmsrformed. The
performance of this strengthening system were compared with those obtained
with epoxy bonding agent. All the tests were carriedaotht the same CFRP bar,
by varying the following parameters: the bonding length; the dimension of the
squae groove; the position of the bar inside the groove; the bonding agent.

The results of the tests mentioned above were very useful to interpretate the
results ofa series of tests osmallscaleNSM FRP strengthened reinforced
concrete beamswhich were peformed at both ambient and elevated
temperaturgeconsidering two heating configurations (local and global heating)
The thermestructural response was investigated under sustained loads typical of
maximum permissible service strain conditions in the FRBrral temperatures,
beam displacements and slip of the FRP strengthening were measured, and strain
gauges were applied for measuring the FRP bar strains; Digital Image Correlation
(DIC) was also used to study strain distributions and beam displace/létiis.
results were correlated with DMA and TGA tests results in order to better explain
the failure modes of the strengthened beams.

The main objectives of &se testsarelisted below:

- evaluation of the flexural resistance of-stnengthened beams atbient
temperature (reference specimens);

- evaluation of the flexural resistance of the strengthened beams at ambient
temperature, in order to define the gain in flexural resistance obtained through
the strengthening system;
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- evaluation of the effecteness of the strengthening system at elevated
temperaturavith differentheating configuratiosi(local and global heating)

Note thatthetests comprising thisxperimental program were executed using
propanefired radiant panels to heat the beams, rather than a standassbfing
furnace. The radiant panels are very useful to simulate localised fire event, but
they are also able to simulate global heatintfigoirations, if an arrow of radiant
panels is used. Obviously, the results of-standard experimental tests cannot
be used to define a standard time of fire resistance of the structural members,
since the heating history can be significantly differemtthiat provided by
standard fire curvée.g., 1ISO834)n terms of speed of temperature increasing,
maximum temperature, duration of the heating stage. Therefore, in order to
generalize the experimental resutstainedthrough norstandard fire testsand
provide a reliable time of standard fire exposure that may be critical for the NSM
FRP strengthened RC beartteermalnumerical analyses were conducted. A two
dimension (2D) Finite Element Model (FEM) of the strengthened beam,
subjected to the heating hosy recorded during the tests, was analysed and the
results were compared with the temperagueeorded during the tests, in order
to assess the reliability of the FEM simulating the experimental results.
Thereatfter, the 2D FEM was analysed in case ofstal fireexposurdo define
a standard time, which may be critical for the effectiveness of the strengthening
both in case of local and global heating.

Finally, a thermemechanical analysis of a ftdlcale NSM FRP strengthened
RC beam was conducted inder todetermineuseful fire safety design criteria
for this investigated structural typology.

1.20UTLINE OF THE THESI S

Chapter 2 presents a review of available literature on the behavibotiof
NSM and EBR flexural strengthening applicatiofe reinforced concrete
membersFirstly, an overview of the main thermal and mechanical properties of
the commercial FRPs and adhesives ishown Then, the most recent
experimental activities conducted on EBR and NSM, both at ambient and high
temperatureare summarizedrinally, the available international and national
codes and guidelines are cited.

Chapter3 provides information about the techniques commonly used to assess
the mainthermaland mechanical properties of structural materials. Particularly,
the section3.1 summarizes the most common techniques for measuring the

thermal properties, such &% and Y of polymeric materials. Moreover, the
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results & the tests, e.g., Dynamic Mechanic Analysis (DMA),
Thermogravimetric Analysis (TGA) and Differential Scanning Calorimetry
(DSC), conducted on a novel commercial CFRP bar are shown. In addition, the
results of thermal conductivity tests of CFRP and cerieas grout are
discused. The sectior8.2 summarizes the results of the tests conducted for
defining the mechanicalproperties of the concrete, the steel bars, the
cementitious grout and the CFRP bar, used to manufacture themeotrened
beams.

The Chapter 4 summarizes the resaftthe bond pulout tests conducted on
thenew commerciatementitioushondedCFRP NSM strengthening systehy,
varying the bond affecting parametekdoreover, a comparison between the
performances ofhis strengthening system and the performances of a-resin
bonded CFRP NSM strengthening system is also shown.

The Chapter Shows thedesign of theun-strengthened andtrengthened
beams with a prediction of theflexural capacity by means of cross sedtion
analyss. Moreover, a photographic report of the manuidcg and
strengthening stagebie test setup and of the instrumentatbthe beams is also
shown Particular attention is dedicated to the Digital Image Correlation (DIC),
nowadays considereas innovative and powerful technique for displacements
and strains measuring. Finally, the resulttheftests oNSM FRP strengthened
reinforced concrete beams, performed at both ambient and elevated temperature
by varying also the heating configurati@me discussed

The Chapter Ghows a detailed description of the finite element msedel
implemented in SAFIR 2011 for the thermal analysis oftdsedNSM FRP
strengthened RC beamsubjected to both the natandard heating history
recorded during thexperimental tests and to the standard fire curve ISO834. The
results of the thermal analyses, compared with the experimental results, are also
provided and discusseBinally, useful fire safety design criteria of NSM FRP
strengthened RC beams are provided, based on the results of-theahanical
analysis conductedn this structural typology
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Fiber Reinfoced Polymers (FRP) are nowadays widely applied at the outer
surface of a broad range of reinforced concrete (RC) structural members, such as
beam, columns, sla® repair or strengthen structurésie widespread of these
mateials inspired the researchers all around the world to study the own physical
nature of the materials constituent FRP, and particular issues deriving from the
combination of different materialgs occurs when a reinforced concrete (RC)
member is strengtined with FRPs.

This chapter provides, firstly, an overview of the main thermal and mechanical
properties of the FRPs, thethe two most commotilexural strengthening
techniques foRC memberssuch as Near Surface Mounted (NSM) and External
BondedReinforcement (EBR), are presented, highlightidgaamtages and the
disadvantageby means othe conductediterature review.t also enabled to
assess the most likely failure modes of both NSM and EBR FRP strengthened
RC members, both in ordinary conditi and at high temperature. As widely
known, in fact, high temperaturaepresent a very critical issier FRPs,
especially if they are directly exposed to fire or other environmental conditions,
which lead to thermal states different from the normal,agomecur in EBR FRP
strengthened RC members.

2.1 AN OVERVIEW OF THE F RP PROPERTIES

FRPsare obtained combining two materials, usually high strength fibres and
matrix, chemically and thermally compatible, forming a new useful product with
enhanced propertiesyhich are usually superior to those of the individual
constituents.

The matrceshave several critical functions, such:dsnd the fibres together
and wetout the fibres protectthe fibres from physical (environment) and
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mechanical (abrasion) attackgpsrate the fibres in the composite; transfer the
force between the fibore$he mechanical properties of the matire definitely
lower than those of the fibres, but as previously said, their combination provide
a very efficient material, in terms of stigth and durability.

The matrcescan be polymeric or cementitiouShe latter was more recently
introduced in the field of composite materials than the polymeric one. The
inorganic cementitious matris made of an hydraulic binder pozzolanas based
and adnixtures, which provide the enhancement of physical and mechanical
properties different from those typical of organic polymeric mafine Table 2.

1 provides useful data about the thermal behaviour of cement pastes and mortars
(Chung, 2001)Cement paste and mortar strength can be affected by several
factors, such as: wateement ratio, cemetfiine aggregate ratio, type and
grading of fine aggregatenanner of mixing and molding specimens, curing
conditions, size and shape of specimen, moisture content at time of test, loading
conditions and age (Mindess and Young, 3981

Chung, 2001 also stats thaetcementnatrix composites are not only thermally
attractive, but they enhance high structural performance by carbors fibre
addition. They increase the tensile strength, the tensile ductility, the impact
resistance; moreover, they reduce the drying shrinkage and improvetfiaeze
durability. The tensileand flexural strength decrease with increasing specimen
size and this effect is larger as the fibres length increases.

Table 2.17 Thermal behaviour of cement pastes and mortar (Chung, 2001)

Specific Specific Thermal Thermal
Material weight heat diffusivity conductivity
( |)m (/gK) | @O Tv) Emt
Cement paste without 2010 0.736 0.36 0.53
silica flume
Cement paste with 1720 0.788 0.24 0.33
silica flume
Mortar without silica flume 2040 0.642 0.44 0.58
Mortar with silica flume 2200 0.705 0.58 0.54

The polymeric matrices are organic compousdcomprised of longhain
molecules which consiss of smaller repeated units called monomdrkese
matrices can benade ofthermoplastics (polyethylene, polyamide) orrthe-
setting polymers (epoxy, vinylester, polyester). The most commonlynuiatck
in structural applications is the epargsin whichirreversible curethrough heat
indudion. The Table 2.2 summarizes thanain physical and mechanical
properties of the commonly used resins, collected by ISIS CanadaZ20@%
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Table 2.2 highlights that all the polymers have a specific weight significantly
lower than cementitious pastes and mortars. Moreover, their Coefficient of
Thermal Expansion (CTE) is significantly higher than that otleaed cement
pastes, which typical values are about205 1 7J0 (Shui et al, 2010), and of
mortars, which typical values are abott3p 1 ¥J0 (Lamond & Pielert, 2006).

Table 2.27 Mechanics of Resind$IS Canada20052014)

Specific Ultimate Modulus of CTE
Material strength Elasticity ( 1
(MPa) (GPa) F
Polyester 4590 2.54.0 100110
Vinylester 90 4.0 80
Epoxy 90-110 3.57.0 4565
Phenolic 1500-1750 4559 5.58.3 30-45

Theresins are good insulators, as well as cement pastes and mortars, since
their thermal conductivity is very low, but all polymers are not very stable
materials, since they soften and/or decompose at high temperature. Particularly,
for thermosetting polymershe softening occurs at the achievement of the Glass
Transition Temperature "Y), whereas the decomposition occurs at the
achievement of the Decomposition Tempera(livg, which is usually greater
than™Y (see sectioB.l).

The fibres have the critical function of providing the strength and the stiffness
of FRP.A high length to diameter ratio usually characterizes the fibres (

p 1 1.7The long fibres are usually aligned and wat of resin, in order to form
bars, plates and sheets. Short fibres are also available and they are randomly
inserted in composite products.

Figure 2.11 Unidirectional composite: Figure 2.21 Multidirectional fibres
Fibres embedded in matrix
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The most commonly used fibres in civil applications are: glass, carbon, aramid
and basalt. Glass fibres are the cheapest one andttitbysare the most widely
used. Carbon fibres are also very common, since they exhibit the best mechanical
performance and durabilityTable 2.3 summarizes the maimechanical
propertiesand Figure 2.3 shows a comparison between the ststssn
relationships of of the most common commercial fibres used in composite
materials Composites with unidirectional fibregigure 2.1) are very versatile
and they are characterized by high values of stiffness and strength,thatter
the multidirectional composites=(gure 2.2), which can be affected by local
failure due to manufacturing defects.

Table 2.31 Mechanics of Fibres (ISIS Canada, 26018 4)

Ultimate Modulus of . .
Material Fibre strength Elasticity U'“maf,? strain
(MPa) (GPa) 0

E 2400 72.4 3.5
Glass AR 3030 72.4 3.5
S 4600 88.0 5.7
Aramid 49 2760 125 2.4
29 2750 83 4.0
IM 5200 300 1.73
Carbon HM 3500 400 0.88
HS 5020 260 2.00

Actually, the most important parameter for FRP products is not the tensile
strength, since their maximum strength is very hard to achieve under the usual
service loads, whereas as higher is the elastic modulus as effective is the
strengthening interventionTherefore, inthe strengthening applicatien the
strengthening material should have similar or higher stiffness than the
strengthened membeFigure 2.4 provides the Young Modulus of the most
common structural materials, showing that the stiffness of most FRP composite
systems are considerably less than that of structural steel, but similar or higher
than concrete.This makes FRP strengthened RC niems mechanically
advantageous.

FRPs are anisotropic materials, which properties depend on mechanical
properties of the matrix, the mechanical properties of fibres, the fibre volume
fraction, the fibre cross sectional area, the fibre orientation in thexmat
fibre/matrix interaction, the manufacturing method. The anisotropy of the FRPs
mainly affects the shear strength of this product and their bond performance.
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Figure 2.3 1 Fibre comparison (no matrix): StreSgrain (Kodu at al, 2005)
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Figure 2.471 Young modulus o$tructural materialsBuyukozturk et al2004)

2.2FRP FLEXURAL  STRENGTHENING TECHNI QUES FOR

CONCRETE MEMBERS

In the last 20 years, FRPs have experienced an increasing interest in the field
of RC strengthening techniques, alternatively to that traditionally realized with
concrete and steel. The great potential of FRPs in strengthening/repairing RC
membersis explated through two main techniques: Externally Bonded
Reinforcement FRP(FRP EBR); Near Surface Mounte&RP(FRP NSM).
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The EBRFRPconsists of an FRP product, usually a strip, bonded to the rough
concrete surface by means of a structural adhesive tlggnerally an epoxy
resin which ensure the transfer of forces between concrete and FRP.

The NSMFRPis an emerging technique, which consists of a bar/rod/strip
applied in a groovecut into the concrete cover of a RC member and bonded in
place by fillingthe groove with a proper bonding agdfoxy resingare usually
usedas bonding agengven though recently some researchers show their interest
in finding out the behaviour of cementitious pastes/mortars bonded NSM FRP
(ElI-Gamal et al, 2012Petri et al 2013. Although NSM is still considered an
emerging techigue,NSM system habeen used in Europe for strengthenirig
RC struct ur e s,byusingteel rebasghspluynd, 9% A)nstead of
FRP.

The rapid increase in the use of FRPs as structural material over the last 20
years, led to the need of design guidelines. Several national and international
design guidelines have become available for the design and application of FRP
for strengthening areinforcing concrete structures. The international guidelines
currently available are the Japang§& TC952, the American standafdLl
440.2R08, the European Model Code 2010 (MC2010). The Italian reference for
design of EBRFRP strengthened structureshe CNR DT200 R1/2013.

The following sections provide more information about these two
strengthening techniques, highlighting the weakest and the strongest points of
both.

2.2.1External Bonded Reinforcement (EBR)

Externally bonded FRP sheets and stripscameently the most commonly
used techniques for flexural strengthening of concrete members.

For EBR FRP systems, as well as for the NSM system, the bond between the
FRP and the substrate is the most important property that enables to transfer the
stress. he bond of EBR FRP strengthening systems is particularly affected by
the substrate status, which should always be taken into account as mandatory and
preliminary stage of the FRP placement, since the condition of the original
concrete and the concrete swate can compromise the integrity of the FRP
system. Several codes (ACI 440-PB, CNRDT 200 R1/2013) provided useful
and general guidelines about the procedures for installing FRP systems.
Basically, the check of the substrate status need to be coddunabeder to place
the FRP on homogeneous concrete, avoiding the peeling and/or the detachment
of the concrete cover. Moreover, the concrete should not have a strength lower
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than 15 MPa (CNFDT 200 R1/2013) and it should not have suffered the
carbonationand thesteel corrosion. Substrates with cracks wider than 0.3 mm
should be pressure injected with epoxy before FRP installation in accordance
with ACI 224.1R. Smaller cracks exposed to aggressive environments may
require resin injection or sealing to pemt corrosion of existing steel
reinforcanent The bonecritical application (flexural and shear strengthening)
require a bond adhesive between FRP and con&eatelblasting shall provide a
roughness degree of at least 0.3 ,mmeasured using suitable insnents, e.g., a
laser profilometer or an optical profileeasuring devic€CNR-DT 200 R1/2018

Poor concrete surfaces that do not require remedial work before FRP application,
should be treated with a consolidating agent bgboireer application takeglace.
Cleaning of the concrete surface shall remove any dust, laitance, oil, surface
lubricants, foreign particles, or any other bandibiting material.

Based on the experimental results obtained by GangaRao & Vijay (1998), in
ACI 440.2R08, the failuremodes of EBR FRP strengthened RC members are
classified as in the following (see aBigure 2.5, Figure 2.6): concrete crushing
before yielding of the reinforcing steel; steel yielding followed by FRP rupture;
steel yielding followed by concrete crushing; shear failure if the shear capacity
of the beam cannot accommodate the increase in the flexural capacity
(Buyukozturk et al, 2004); eer delamination; FRP debonding

Concrete |
Crushing |

\‘—xf-q

1

i

Shear Fail % , :

/ ;

!

Cover Dielaminatipn , :
| i i

= me——
FRP Debonding FRP Rupture'

Figure 2571 Failure modes of FRffexuraly strengthenednembergBuyukozturk et al, 2004)

Particdarly, as shown in fib Bulletin n°14he debonding process may start from
different point, such as: peeliraiff in the anchorage zone as a result of bond
shear fracture through the concrete; peetifigcaused at flexural cracks;
peelingoff caused at sla cracks; peelingff caused by the unevenness of the
concrete surface.

Obviously, the prescription and the statements of the abm@rgioned codes
are the product of several researches, conducted in many years about the
behaviour of EBR FRP flexural strgthened members (Spadea et al, 1998; Chen
& Teng 2001; ElHacha & Rizkalla 2004; Toutanji et al 2006; Enochsson et al,
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2007; Castro et al, 2007; Chickh et al, 2013). In the following the conclusions of
some studies asummarizd.

TRP debonding (see (b))

longitudinal steel s }’_,.. ﬁ\\
d

L / - _

.."’7'*:77' TIFdiisiaT
cover delamination (see {c))*—j

(a) Behavior of flexural member having bonded reinforcement on soffit

flexural inclined
(:rack_ cre ks

I e
—— debonding progresses o ——
rvvy through cement matrix delamination progr ess.es ‘v*v#
FRP pulls away  or along adhesive layer through cement matrix FRP pulls away
from substrate or along adhesive layer from substrate
(b) Debonding initiated by (c) Cover delamination initiated at
Hexural and/or shear cracks curtailment of bonded FRP reinforcement

L o _an an an

= = 1 =

concrete/flexural rebar layer

= :
concrete substratvc’}
concrete/adhesive interface =

]

“

——]

adhesive/FRP interface| dhesive layer =
FRP delamination =
(d) Types of debonuij

Figure 2.6 1 Debonding and delamination of externally bonded FRP systems: a,b,c) ACI
440.2R08; d) Buyukozturk et al, 2004

Spadea et al (1998) conducted experimental tests of RC beams strengthened
with  EBR CFRP sheets, demaraing that bonding FRP as external
reinforcement without consideration about the -andhorage may result in
significant brittle failures due to explosive debonding, which unable to make use
of the full potential of the FRP.

Similarly, Chen & Teng (2001 based on existing test data observed that the main
failure mode of FRP plates bonded to concrete is concrete failure under shear,
which occurs generally at a few millimetres from the cona@®&dhesive
surface. Therefore, the bond strength dependsglly on the concrete strength.

Moreover, an effective bond length exists and an extension of this length cannot
increase the bond strength.
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El-Hacha & Rizkalla (2004) observed that the failure of members
strengthened with EBR FRP sheets and strips could be brittle due to debonding
and/or peeling of the FRP reinforcements, especially in the zones of high flexural
and shear stresses.

Toutanji et al (200pshowed that FRP EBR mulayer sheets with an epoxy
resin is an effective technique for strengthening and repairing reinforced concrete
(RC) beams under flexural loads, even if the bond between FRP and concrete
may not be strong enough to ensure théungpof the composite. They observed
that due to the flexural cracks formed in the constant moment region as the load
increased, the bond between FRP and concrete started to fracture at a certain load
level and the failure propagated towards the shearspEmmost parts of FRP
composites detached from the concrete beams.

Since the bond is the most important property for EBR FRP strengthening
systems, several meaningful studies were conducted. The most recent
experimental researches about this topic wereducted by Bilotta et al (2014),
Chickh et al (2013), Matrtinelli et al (2011), Bilotta et al (2011), Aiello & Leone
(2008).

Furthermore, degradation of mechanical properties of EBR FRP (strength,
stiffness and bond) due to high temperature (Dai et@l3;2Nigro et al. 2012),
moisture absorption (Jia et. al, 2005), cycling loads (Nigro et al., 2011c; Dai et
al., 2005), ultraviolet rays (ACI Committee 440 1996) is a key aspect for a
durable efficiency of composite materials. In some cases, insuffigieteiction
against these factors may reduce the service life of the structura¢Bh &
Rizkalla, 2004).

2.2.2Near Surface Mounted system (NSM)

The NSM technique has been widely used in pioneer countries, such as USA
and Canada. This technique is nowadays recognized as promising method for
increasing pexur al strength of EBRC men
FRP laminates. In fact, NSM FRP estgthening does not require any surface
preparation, eseptthe grooving, which can be easily domeone stepusing
suitabletools(see sectiob.1.2). Obviously, the choice of highiscosity bonding
agent, such as thixotropic resins, ma
but also fluid products, such as cementitious pastes and mortars, can easily grout
the FRP product evefor strengtheing members inpositive momentsThe
section5.1.2provides useful @vicesfor usng a fluid mortarlike bonding agent
for the strengthening of RGeBms irpositive momentegion.
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Figure 2.7 - Main stages of the NSM strengthening: a) Grooving; b) Adhesive and FRP
placement; c) Strengthened member
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Figure 2.7 shows the main stages of the NSM strengthening technique.
Particularly, Figure 2.7 a) shows an wstrengthened bridge slab after the
grooving;Figure 2.7 b) depicts the grooves filled with the bonding agent and a
technician, who edsi places the strip into the groovéigure 2.7 c) shows the
bridge slab after the strengthening.

In negative moment regiom ( ), the NSM techniqué even more attractive
than in positive moment region ( ), because i NSM does not require any
additional protective coveusually needed by external reinforcement in otoer
avoid mechanical and environmental damage. Furthermore, the FRP product
placed in the member to be strengthertesh be easily anchored into adjacent
membersincreasing the effectiveness of the system.

As previously said, the NSM system has been used in Europe for strengthening
of RC structur es s itenlcebarséAspluhdy 1940¥ irsteagl s |,
of FRP.Actually, the advantages of using IFiistead of steel are multipnce

the FRPs are usually characterized by highsile strengthFRP rods with
smaller diameterthan steel rebarsan be used for a giveng@red tensile force,
redugngthe groove sizeVioreover, the better corrosion resistance of FRPs rather
than steel enables a furthezduction ing r o o deptb Blote that an un
appropriategrooved s d i nmeghtsnduoernpossible bond failures due to the
splitting of the bonding agentyhich is avery commonphenomenorwhen
adhesivesvith medium tensile strengthre usedActually, De Lorenzis at el
(2002) stated that it is very likely that, for a given cover, rebars with stiffer
surface deformations liketeel display a greater tendency to induce splitting than
FRP rods, the latter having soft surface deformations made of polymer resin.

Szabé & Balazs (200 @ifferentiatedthe possible failure modes of the NSM
systemin four groups: interfacial failure mode; cover splitting; edge splifting
FRP tensile rupture
The nterfacial failure mode may occuat adhesiveto-concrete(A/C) interface
and at reinforcemenib-adhesivegR/A) interface
The pure interfacial failurat R/A interface is recognizable for tlasence of
adhesive at the FRP surface after failure, whereas adhesiseally foundoth
at the FRP and at the concrete surface in case of cohesive shear failure in the
adhesive. R/A interfacial failure usually occuveen a smooth or lightly sand
blasted FRP products are used. In these cases, in fact, the bond relies on adhesion
instead of mechanical interlock between reinforcement and adhesive.

The i nterfacial A/ C failure occulhs wh
(Figure 2.8). This is typical ofprecast groove
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Figure 281 A/C interface Figure 2,91 Longitudinal Figure 2.1071 Splitting of
failure (De Lorenzis et al, Splitting of the resin (De the cementitious adhesive
2002) Lorenzis et al, 2002) (De Lorenzis et al, 2002)

The cover splitting is caused by the rdd@mponent of the bond stress and it is

a phenomenon very similar to the splitting bond failure of steel deformed bars.
As stated also by De Lorenzis at el (2002), this failure mode is typical of
strengthening systems where adhesives with medium tetrsitggth have been
used, but it is very unlikely. ThHeigure 2.9 andFigure 2.10 show two cases of
splitting failure respectively in resin and cementitious mortar.

The edge splitting failure occurs in
small and, thus, the FRP prodigtoo close to the edge of the concrete member.
Several studies (Blaschko, 2003, Parretti & Nanni, 2004) provided useful design
indications, including the minimum dimension of the grooves, which may be
limited by the depth of the concrete coy€igure 2.11).

o 3
>1.5d, ﬁ @'b >1.5b

} »
21 50'—7 \—>3 0a

Figure 2.117 Minimum dimension of grooves (Parretti & Nanni, 2004)
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Finally, the tensile failure of the FRP, which actually have been very rarely
observed, is a very explosive failure mode that should be avoided.

The available literature on NSM FRP is relatively limited, especially on
cementitiousbondedNSM FRP.

The aimof the main available studies is the assessment db#tebearing
capacityof NSM FRP strengthened RC members. Wu et al (2013), Burke et al
(2008), Foret & Limam (2008), Castro et al (2007), Teng et al (2006)aEha
& Rizkalla (2004), De Lorenzis eal (2000), conducted the most recent
researches in this field. Ot her studi
Lorenzis et al, 2000)Note that most of the cited studies refer to NSM FRP
systems manufactured using mainly resins like bonding agent.

These studies showed that NSM FRP systems significantly improve the flexural
performance of RC members, increasing the load carrying capacity and, in some
cases, the flexural stiffness, limiting the deflection and the cracks width.

In the following, some dails of the cited researches are summarized.

Particularly, Wu et al (2013) investigated the effects of the number of FRP
bars, 40% prestressing in the NSWRP bar, and different types of end
treatmentsThe prestressing was not analysed for the aim sfiterature review,
while high attention was given to the other two parameférs. strengthening
materials used in this study included CFRP bars, epoxy adhesive, and epoxy
cement mortalc a s t at t he b élaenastidors kesidd ttwoomons i d ¢
prestresed beams, where the CFRP bars were directly placed into the groove,
and a non prestressed beam, where the CFRP bars were anchorslaoed
steelplate hoops, installed on both endfe authors concluded that the NSM
technique was effective, since itineased the flexural capacity of RC beams, but
the ductility of the strengthened specimens was lower than the control beam. The
ductility was even lower for the beams strengthened with two XCHRP bars.
Moreover, they found that the mechanicashhped stelplate hoops were very
effective,since most of the beams failed due to concrete crushing.

Burke et al (2008) investigated the relative performance of both epoxy and
cementitious adhesives for NSM FRP applications for RC members at room and
low temperatres. Moreover, they investigated the effects of groove width on the
performance of NSM FRP strengthening systems. One of the aim of this study
was the reduction of the costs of these systems by reducing the required volume
of adhesives and by using lesost adhesived.his research activity showed that
epoxy adhesives provide superior performance as compared with cementitious
grout adhesives for NSM FRP strengthening systems for RC members, although
grout adhesives can be used effectively. The failuceimed due to debonding
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atadhesiv&concrete interface when epoxy was used, while the failure was due to
debonding aadhesivé-RP interface when cementitious grout adhesivesew
used.Moreover, they observed that there is no considerable impact of groove
width on the performance of epoxy adhesive strengthened members, and that
there are no significant negative effects of low temperature on the performance
of NSM FRP strengthened RC slabs using either epoxy or cementitious grout
adhesives.

El-Hacha & Rizk#a (2004)tesed NSM FRP (CFRP bars/strips, GFRP strips)
strengthened-shape RC beam3$heyobserved a full composite action between
NSM CFRP strip and concrete, in fact the tests mainly provided the FRP tensile
rupture as failure mode, whereas F&fOxysplit failure was the dominant
failure mode for beams strengthened with NSM CFRP reinforcing bars, as a
result of high tensile stresses at the CFRP reinforcingepaxy interface.
Moreover, they observed a concrete split failure as governing modeuoé flaf
beams strengthened with NSM GFRP thermoplastic sffipsy concluded that
NSM CFRP bars provided a considerably less increase of thecéwadng
capacity than that provided by NSM CFRP strips with the same axial stiffness. It
might be due to paible early debonding failure that occurred at the CFRP
reinforcing barepoxy interface and to the smaller bonding surface of the NSM
CFRP reinforcing bars compared to the NSM CFRP strips.

The tests conductday De Lorenzis et al (2000n NSM CFRP and GHR
rods strengthened-3hape RC beamshowed an increase in capacity ranging
between 25.7% and 44.3% over the control beam. A remarkable increase in
stiffness was also obtained. However, the bond appeared to be very critical for
the effectiveness of # NSM techniquein some casedn fact, when bond
controled the failuretheincreasingof the anount of the NSM reinforcement did
not produce @y significant gain in capacity.

Accordingly to that stated by other researchEaet& Limam (2008), testig
NSM CFRP strengthened RC tweay slabs, observedsignificantincrease of
the flexural strengtlf@about 67%. The failure occurred due to the debonding of
the strengthening system

Based on that summarized above, the NSM system is considerably affected by
thebond behaviour, which efficiency depends on several paramaiehsasthe
mat eri al sd me ¢ thadinmeoserh and surtapeetreatmem sf the
groovesthe geometry of the FRP produittte position of the FRP reinforcement
in the groovethe type of bonding agenthe shape of the FRP product and its
superficial treatmentThe most recent researches about the bond behaviour of
NSM strengthening systems by varying the abmentioned influencing
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parameters were conducted Byotta et al (20142015, Chickh et al (2013),
Ceroni et al(2013; Seo et al (2013)Ralmieri et al(2012, EI-Gamal (2012),
Costa & Barrog2011), Bilotta et al(2011).

Some of the citedxperimentatesearchewere recently carried outithin the
framework of the Ewopean funded Marie Curie Research Training Network, EN
CORE, with the support of Task Group 9.3 of the International Federation for
Structural Concrete (fib)len laboratories participated in this research activity
University of Sheffield, University of &mnio, Ghent University, Laboratory
EMPA, University of Naples, University of Budapest, University of Bologna,
University of Minho, University of Luleaand Universityof Latvia (Bilotta et a|
2019. Both single shear tests and double shear tests wedeiced. The main
result of this activity is thathe debonding at the concregpoxy interface was
the mostobservedype of failure It occurredwith varying degrees of concrete
damagefigure 2.12). However, eher types of failuresuch asdebonding at the
FRP-epoxy interface, longitudinal splitting of the epoxy, splitting of the concrete
specimens, bar/strip pudlut, as well as teils failure of the FRP reinforcement
were also observedrigure 2.13). Moreover, despite the differences in the bond
behaviour of specimens testedcaling to single or double sgi (ranging
between 10% and 25%), they concluded that the single shear setup is preferable
as standard test method for characterizing the bond behaviour and strength of
FRP NSM systems

Figure 2.127 Typical failures of NSM specimens with varying degrees of concrete damage
(Round Robin testsBilotta et al, 205)
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Figure 2.131 Splitting-related (top) and pubbut (bottom) failures in NSM specimens (Robin
RoundTestsi Bilotta et al, 205)

As previously tated Chickh et al (2013) conducted other meaningful tests
investigating the influences of the concrete strength, the type of the reinforcement
(smooth carbon rod and smooth carbon plate) and its configu(ptade fully or
partially inserted in the groove), and the embedded length on the bond behavior
between the three materials (concrete, epoxy adhesiv€BR&). A pullout
bending testconfiguration was usedThe authors concluded that kzetter
performanceavas achieved by carbon platasnpared to carbon rodsd thatle
pull-out force increases almost linearly with the bdedgth. Moreover, as
expected, they observed thaetresistance to putlut improves with increasing
concrete strength and this inéinceespecially effectthe smaller bond lengths.

El-Gamal et al (2012presengd the results of pulbut testsconducted on
NSM-GFRPbarsstrengthened Shaped concrete blocks, aimedinvestigate
the effecton the bond performancef the following parametersadhesive
(cement and epoxlgased adhesivesyjroove sizgapproximately 1.5 and 2.0
times the actual bar diametgopnded lengtkl6, 24, and 32 times the actual bar
diameter) environmental condition, and concrete strengtie authors observed
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the splitting of the epoxy after the concrete cracking in almost cases, when the
epoxy was used like adhesive, conversalgrtar splitting accompanied by
concrete crackingpr mortarconcrete interface failure mode were observed
dependng on the type of mortar. Moreover, they noticed that greopmance of

the specimens with epoxfifled grooves was almost similar and provided higher
pull-out loads compared to the specimens with cemearttar adhesivesihey

also observed thahe pullout loads increased as thgmove size increasedhe

tests conducted on the specimens manufactured withshighgth concrete
showed that the failure of th@ecimens with epoxfilled grooves waslue to

the splitting of the epoxy after the concrete kiag and it wasnainly governed

by concrete strengthwhile the groovefilling material mainly governed the
failure of the specimens with cement moffided grooves The investigation of

the effect of the bond length clearly showed that as the bondgtth liexcreased

as the corresponding free end slip values decreased. Finally, they stated that the
use of epoxy adhesivésmore efficient withshorter bonded length&g and 24

times the actual bar diamexénan thawith longer bonded lengths (3itnes he

actual bar diametgr

2.2.3Comparison between strengthening techniques

The previous sectiensummarizeéhe main results of the experimental tests
recently conducted by several researchers on NfMIEBR strengthening
systems. Based on the conducted litemtteview, this section provides a
comparison between the tworestgthening systems, which will enable the
designers to choose the most suitable strengthening sftémeir projects.

El-Hacha & Rizkalla (2004) stated tHdSEM technique has many advangag
vs EBR such aslarger bond surfacéhat induces better anchorage capacity,
providing higher resistance againgeelingoa, so a higher percentageof the
tensile strength can be mobilizesho preparation work is needed other than
grooving FRP reinforcementprotected by the surrounding concrete against
me ¢ h ani c ajimprovef pragentioreagainst freeze/thaw cycles, elevated
temperatures, yr e, u ] improged ductiliteultimatea y s a
load develop more independent fronmcrete surface tensile strengtoreover,
they observed brittle debonding failures of EBR FRP strips that occurred at load
levels significantly lower than tht measured for beams strengthened with NSM
CFRP reinforcing bars or strips and NSM GFRP thernsbiglatrips.The authors
did notobserveany slipfor the different NSM FRP reinforcing bars and strips
strengthening techniques up to ultimate loadying capacity
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Similarly, Foret& Limam (2008), who tested both EBR and NSM CFRP
strengthened RC twway slabs, observed more pseudeductile behaviour
comparing NSM to EBRThedebonding occurreth both casesnore sudden in
EBRthan in NSM Since ahigheramountof carborwasused in EBR for almost
the same average bearing capachyg authors consided NSM more economic
than EBR

Bilotta et al (2011) conducte@xperimental tests on concrete blocks
strengthened with different types of EBR and NSM FRP systamasthey
observed thathe tensile strength of the FRP materials is bettpfoited by the
NSM technique with much higher utilizatidiactors (36100%) than those
attained in EBR systems (approximatél$%). Thg also stated thaNSM
technique also allows higher efficiency factors to be attamgadhst lower axial
stiffness, especially if theemforcement surfads ribbed. Moreoversince dow
concrete strengtfapproximately 19 MPa) was used ie #xperimental program
they observeda concreteadhesive interface failure in most specimens
strengthened with both FRP systems.

In summary, th&NSM FRP strengthening technique could be considered as a
valid, attractive and efficiendlternative to areBR FRP strengthening system
since NSM enhanes the stiffness and the flexural strength of deficiently
reinforced concrete membekeeping relativig low the costs.

2.3FRP BEHAVIOUR AT HIG H TEMPERATURE

As concerns theeffect of high temperatureon FRP productsa critical
condition occurs when the glass transition temperatref the polymer matrix
is achieved, due to the softening of the resimctvreduces the capacity of stress
transfer between the fibers. The precise definition of "Mds still under
discussion in the scientific community, because the progressive nature of the
softening process makes difficult to identify a precise tentperalimit.
Nevertheless, the safety check often is conservatively performed, in the
temperature domain, with reference to the valuéYoproperly reduced (ACI
440.2R08, 2008).

FRPswhich polymerize in ordinary conditions, typical of in situ applizas,
are characterized by very loW (between 45°C and 80°C for normal and heat
resistant resins, respectively). For preformed FRPs, used as internal
reinforcement, is easily possible to obtain reinforcements Witkbove 100°C.
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Curing processes c@éd out at temperatures and pressures different from
ordinary ones, allow to further increase tive

Although overcoming the’Y implies a reduction in strength of the
reinforcement, the drastic degradation of the resistance is reached at temperatures
close to melting of the resin (temperaturedetomposition™yY > “Y) or even
higher. The reduction of stiffness, instead, depends on the type ref fib
reinforcement and it is generally negligible compared to the reduction of
resistance. Therefore, the real capacity of the concrete members reinforced with
FRP, at high temperatures, can be considerably high (Nigro et al. 2011a, 2001b,
2013).Bisby et al 2005 a, b) conducted an extended literature review, collecting
data about thdibres andF RPs & r educti on of streng
temperatureThis study suggests that carbon fibtaemselvesare relatively
insensitive to elevated temperaturesiiley glass and aramid fibres experience
significant deterioration of strength at high temperat@enversely, CFRPs,
GFRPs and AFRPs suffer a reduction of strength and stiffness properties with
increasing temperature, although there is a great dealttérscethe results, due
the wide range of possible matrix formulations, fibre orientations, and fibre
volume fractions considerednother experimentalnd numericalesearch about
this topic was conducted by Mcintyre et al (2014), wkdormeddirect tensile
tests on FRP bars at different steatigte temperatures varying from 20°C to
temperatures at which decomposition of the resin occurs. Témsdéeswere used
to calibrate a novel predictive model for the reduction in tensile strength of FRP
materiak at high temperature.

Note thatthe softening of the resimvhich begins when théY is achieved,
involvesalsoa drastic reduction of the adhesion properties (Foster and Bishy,
2008). Hence, the efficiency of the strengthening system for existingusesic
which mainly depends on the effectiveness of the bond between FRP and
concrete, is strongly affected by the temperature. Some experimental tests
(Deuring, 1994) showed similar problem when conventional steel strengthening
is used without mechanicahchoring. The comparison between steel BBR
FRP strengthening systems showed that FRP, in particular sheets, without
protection behave better than steel plates because of the lower heat conductivity
and their smaller weight. Clearly, FRP externallgsgthened RC beams or slabs
need the protection with additional insulation in order to avoid the debonding
between FRP sheets or laminates and concrete support. Obviously, if the FRP
strengthening is not directly heated by fire or other sources of heat, th
performances may be better. Hence, FRPs can be successfully used to strengthen
infrastructure, such dsidges, where fire is not a primary action to be considered
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during design (Bisby et al 2086 Nevertheless, should be noted tlo#ter
thermal actionnot necessarily due to fire, suchl@siminous paving casting on
a bridge deckcan easily lead to high temperature (e.g. 200°C).

For this reasons, Del Prete et al (2015) conducted a numerical study aimed to
investigate the thermmechanical behaviowf RC bridge decks strengthened
with externally bonded FRP plates, by considering two possible environmental
conditions which leadto thermal states different from the normal ones: (a) fire
exposure over the bridge deck due to an accident involving camibh
bituminous paving casting on a bridge deckightemperatureln this study, the
influence of different typeof adhesive resg{normal™Y or elevated'Y) and the
thickness of the protective layer was also investigatéed. philosophy of this
study was to check the structure for ultimate and damage limit states (ULS and
DLS). The ULScheckswere conductedcomparingthe design values of the
relevant effects of actions in the fire situation at timeOt;;, with the
corresponding desigvalue of the resistance of the member in the fire situation
at same time tY i (EN1991 12, 2002; NTC2008, 2008The ULS checks
werealways satisfied, mainly because the flexural capacity provided by FRP can
be neglected during fire or mainteanactivity. By contrast, the DLS checks
performed to assess damages of the FRP strangthsystem during these
eventsshow that constructive details and type of resin play a key role.

Another important and not secondary issue to take into account Ries
are used for strengthening structures, where the probability of occurrence of a
fire is high, is thesmoke generation and toxicity of FRRtrices and adhesives.
Kodur & Beingo (1998) and Bisby et al (2Q0&ollected useful data from
literature aboutoxicity of FRPs in fire. They stated that combustion gases from
burning FRPs create a toxicity hazard for humans, and can be highly corrosive to
equipment and electronics. In fact, thermoset resins commonly used in structural
FRPs generate unacceptableugtities of smoke thathave relatively poor flame
spread characteristics, and that burning resins generated varying quantities of
carbon monoxide, hydrogen fluoride, hydrogen chloride, hydrogen sulfide, and
hydrogen cyanide, all of which are potentiallgrimful compounds. Actually,
various resin additivesan enhance the ability of polymer materials to resist
ignition, flame spread, and smoke generation. However, these additives tend to
diminish mechanical properties, discouraging their use in strucpyphtations.
Obviously, composites with cementitious matrices or FRPs installed with
cementitious adhesiveloes not create significantly hazard for humans, if
involved in fire.
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2.3.1Influence of high temperature on &nd properties

Since the bond between the FRP and concrete is significantly influenced by
high temperature, studiesmed to increase the knowledge about the decrease of
the properties of the FREbncrete interface at elevated temperatures need to be
conducted. In factthe literature currently available about this topic is very
limited. In the following sections, the research conducted in the recent past about
the variation of the bond properties of both N&w EBRFRP strengthened RC
elements has been summarized.

2.3.1.1Influence of high temperature on bond properties of EBR FRP
The maximum force transmitted by the FRFconcrete interface in normal
temperature condition is related to t

the interface bond law, which can be exgsel as (Bilotta et al., 2012, 1)).

n 5 s (2.1)
@] w ¢Oow

where’O is the maximum load before the debonding, @nd , O are the
width, the thickness and the Youngos

Theconducted literature reviewdeo 77 bond tests, performed in the recent
past, on CFRP plates and sheets by several researchers (Blontrock, 2003; Wu et
al, 2004; Cai, 2008; Klamer, 2009; Leone et al, 2009). The examined
experimental programs include tests at ambient temperatur@2@39°C) and
tests at high temperatures, ranging between 50°C and 300°C, which enabled to
define the degradation of the fracture energy at high temperature. Del Prete et al
(2015) highlighted for each specimen the type of bond test (single shear test, SST,
or double shear test, DST), the main geometrical and mechanical properties, the
“Y of the adhesive, the temperature T at which each test was performed and the
maximum loadp , recorded during each test. Then, the fracture energy for
each specimewas calculated through the following relationship:

2.2)

Therefore, the experimental tests were used to calibrate a relationship to predict
the decrease of bond strength versus the temperature. uRakyic the
temperaturalependent reduction curve has the following general relationship:
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oY oy ) (2.3)
—— wWOAl&E < W
W Y
where: @ is the fracture energy at ambient temperateoe;®, @, © are
coefficients, obtained by best fitting of the experimental results.
Finally, the reduction of the maximum strain for intermediate debonding due to
high temperature was correlated to the specific fracture eaero.

2.3.1.2Influence of high temperaturendond properties of NSM FRP

Altough recent researches (Palmieri et al, 2011 a; Burke et al, 2013; Kodur et
al, 2013; Petri & Rizkalla, 2013) showed the performance in fire of NSM FRP
strengthened RC members (insulated or not insulated), the variatios lodhd
properties of this strengthening system is not yet well investigated.

At the moment, a very limited literature is available.

Palmieri et al (2011 b) conducted a study about the influence of temperature
on the bond capacity of NSM FRP. A seried 8fdouble shear tests at different
temperatures (20, 50, 65, 80, 100=Y.bwere performed. They investigated the
influence of FRP reinforcement shape (rods versus strips), the type of fibres, as
well as the type of surface treatment (sand coatedilipeld bars). The material
used were CFRPs and GFRPs embedded in epoxy resin. They found that the
failure load first increases with elevated temperature and only decrease for
temperature equal to or beyond the glass transition temperature. However, the
deaease of the failure load at glass transition temperature was onhi8%8/6
depending on the type of strengthening system, with respect to the failure load at
room temperature. They did not observe the complete degradation of bond
strength and they foundftérent failure modes with increasing test temperature.
Particularly, at 50 °C, the failure mode was characterized by debonding with
splitting of the resin, whereas increasing the temperature, a debonding at the
FRP/resin interface with pull out of the rbéstrips occurred. Moreover,
increasing the temperature, the strains along the bonded length become more
uniform distributed and the transfer length increases.

Another meaningful research was conducted by Yu & Kodur (2014). Their
experimental program coisged of 36 pulout tests on NSM FRP specimens at
temperatures ranging betweenf0°C. The NSM FRP specimens were made
with two cross sectional shapes of CFRP, strip and rod, embedded in two types
of adhesives epoxy resins. The authors concluded thab@attemperature, type
of epoxy and cross sectional shape of reinforcement affect bond strength and
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bond failure modes of NSM FRP system. Type of epoxy has higher influence on
bond strength than type of reinforcement. At high temperatures, the failuee mod
of NSM CFRP system was through palit of CFRP strips or rods, whereas at
room temperature failure mode was through detachment of concrete layer or pull
out, depending on the type of used adhesive. They observed that the bond strength
and modulus of NSMCFRP system decrease by about 88P4heir original
values at 20T, and becomes negligible at 400°C. With this study, the
researchers were able to define temperature dependant relations for degradation
of bond strength and bond modulus of NSM CFRP sysidrith can be used to
gauge the effect of temperature on bond performance of NSM CFRP
reinforcement. However, specific values of bond strength and slip may vary for
epoxy types other than the ones used in this study.

At date, studies about the bond penieaince of NSM FRP strengthening
systems with cementitious adhesive have not yet been conducted.

2.3.2Flexural tests at high temperature of FRP strengthened R@mbers

As previously stated, the available literature about the fire resistance of
concrete membersrengthened with FRP reinforcement is very limited.

The available studies regarding the fire performance of EBR FRP
strengthened RC membéngyhlighted the need to protect the members using
passivefire protection systemsTheseresearches were devotedeumluatethe
minimum requirements to obtain satisfactory performances in fire (Blontrock et
al. 2001, Bisby et al, 2005a, Williams et al 2008, Palmieri et al 2010, Firmo et al
2012).

Firmo et al (2012) conducted one of the most recent experimental study on
EBR FRP strengthened RC members in fire.

They observed that the fire resistance of the unprotected beams is
compromised by the susceptibility of EBR FRP strengthening systems when
exposed to high temperatures. Although the oven walls in a length of 0.20 m
thermally insulated the anchorage zones of the laminate, the CFRP laminate
debonded after only 23 min ofdi exposure. This results pointedlt the needo
thermally insulate the strengthening system not only iratfeiorage zones but
also along the spaAnyway, they measured an average temperature at the-CFRP
concrete interface (midspan section) of 414 °C, when the strengthening system
of beam CFRP debonded. This temperature was considerably higher th¥n the
of the adhesive (about 55 °C). It was gibke since the anchorage zones were
thermally insulated. Another interesting observation was that the heated length
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of the FRP | aminate transformed into
where the CFRfoncrete bond remained relatively undamaged.

The most recent studies regarding the fire performance of NSM FRP
strengthened RC members are summarized in the following.

Palmieri et al (201a, 2013 tested RC beams strengthened with several NSM
FRP configurations, insulated and not insulated, to etelfi®e performance.
Epoxy and cementitious grout were used on different beams to study the
influence of the adhesive on the behavior of NSM FRP system at both ambient
and elevated temperaturd3espite the high service load of the strengthened
beams, anthe partial failure of the fire protectiai some beams, all the beams
were able to sustained tlagplied load without failure for the 2 h 80 834
standardfire exposure, even aftdhe adhesive temperature exceed its glass
transition temperatureMoreover they found thatU-shaped fire protection
(extending to the sides of the beamiare efficient than that of a flat protection
at the bottom surfacef the beam onlyResidual strength tests dine-tested
beams demonstrated also that, if the insoitais able to maintain the adhesive
temperature below 200 °C the FRP is able to retain bond strength to the concrete
and the beam is still able to retain part of the flexural capacity of the FRP
strengthened beam at ambient condition.

Burkeet al(2013) presentedess ofreinforced concrete slaktrengthened in
flexure with a single strip of NSM FRP tapader elevatetemperature (up to
200°C). Epoxy anadementitious grout were used on different slalize test
resultsshowed thaepoxy adhesive on NSRP reinforcemenrovideshigher
strengthin comparison tocementitious groutat ambient temperaturd his
results, according to that found by Palmieri etadreattributed to better bond
behaviour ofepoxy adhesivéhan cementitious adhesividowever,at elevated
temperature, the slabs with cementitious grout yielded higher failure time than
those with epoxy adhesiveThey also stated that insulated NSM FRP
strengthenedlabsmayprovide required fire resistance for building applications.

Petri & Rizkalla (2013, tested RC slabs strengthened with NSM system
through pultruded carbon fiber rods, embedded in high temperature inorganic
grout, insulated with an ultdaigh temperature insulation system consisting of
gap filling ceramic fiber blanket and arcinthick ceramic fiber board. The tested
FRP strengthening system demonstrated its capability to withstand temperatures
greater than 200 °C. They obtained a satisfactory margin of safety, for over two
and a half hours of an E119 fire under the maximum g@sibie load with no
structural deficiencies.
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Sincethere is only limited informatioaboutthe fire performance of concrete
members strengthenedith NSM FRP reinforcementKodur & Yu (2013)
developeda numerical model, which was able to predict the fesponse of a
reinforced concrete beam with NSM FRP. They observed that a concrete beam
strengthened with NSM FRP reinforcement yields fire resistance (75 min) that is
slightly lower than a conventional concrete beam (85 min) but higher than that
of a simlar concrete beam strengthened with externally bonded FRP laminate
(65 min). Moreover, an NSM FR$&trengthened RC beam, under fire conditions,
may experience failure through rupture of NSM reinforcement. This is in contrast
to the ambient temperature faidumode, which is through the crushing of
concrete. The location of FRP reinforcement has also an influence on the fire
resistance of concrete beams strengthened with NSM FRP: NSM FRP at the
middle of the beam soffit yields higher fire resistance (75 méngompared to
that when NSM FRP is located closer to the bottom corners of the beam (65 min).
They also confirmed the results found by other researchers: an appropriate fire
insulation can significantly enhance the fire response of RC beams strengthened
with NSM FRP reinforcemenespecially ifU-shaped fire protectiarare used.
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Chapter 3- Thermo-mechanicalpropertiesof materials

This chaptershowsthe available techniques for characterizing the main
physical and mechanical properties of structural materials.

Particularly, the section3.1 summarizesthe most common techniques for
measuring the thermal propertissich as the glass transition and decomposition
temperature("Y and "Y respectively),of polymeric materialsMoreover, the
results of the tests e.g., Dynamic Mechanic Analysis §DA),
Thermogravimetric Analysis (TGA) and Differential Scanning Calorimetry
(DSC),conducted on aovelcommercial CFRBar, in order to define its main
thermal propertiesare shown. ThéestedCFRP barmanufactured biilliken,
is definedFireStrongbar, since its elevatedominal™Y and”Y. It is aspirally
wound round rods, whiclttan be used to strengthen reinforced concrete
structure, through the Near Surface Mounted technighe bar is applied in a
groove cut into the concrete cover of a RGwher and bonded in place by filling
the groove with groper bonding agent. The manufacturer advices the use of
FireStrong bars with a cementitious mortadenominatedrireStrong Grout
which is characterized byreominallow thermal conductivitylt shoul be clear
that (a) FRP with highyY and"Y and (b) bonding agent with low thermal
conductivity enable to realize a NSM system, which is less prone to FRP damage
due to fire exposure. Therefore,addition toDMA, TGA and DSC tests on the
CFRP bar, trmal conductivity tests were also performed on the CFRP bar and
on the cementitious grout, to verify their thermal conductiviBesed on the test
results, these materialswere choserto manufacture a series of NSM FRP
strengthened reinforced concretealns, tested at ambient and elevated
temperature, as describedGhapter 5

Obviously, the effectiveness of the strengthening system, both at ambient and
at elevatedtemperature, depends even the mechanical properties of the
involved materials. fierefore, thesection3.2 summarizes theesults of the tests
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conducted for theefinition of themechanicapropertief the concrete, the steel
bars, the cementitious grout and the CFRP bar, used to manufactaieiee
mentionedbeams (see the experimental prograr@hapter 3.

3.1THERMAL PROPERTIES OF STRENGTHENING MAT ERIALS

Polymeric materials suffetsndesirable changes of properties, wheated
It obviously influences the effectiveness of the strengtheningreysn which
the polymeric material is involved.

Thermal analyses should be conducted, in order to défmeaterial physical
propertes capable to influence the strengthening behaviour at high temperature.
These analyses usualtyeasurgahe material pysical propertyas a function of
the temperature, whilst that material is subjected to a controlled temperature
programme.

As stated above, tH¥ is a very important thermal property, whidéfinition
has been discusdfor along timein literature Anyway, it can bedefined aghe
temperature region where a material changes from a glassy phase tery rubb
phase upon heating, or vigersa if cooling Rieger, 200L Dynamic Mechanic
Analysis (DMA) and Differential Scanning Calorimetry (DSC) are riiedr
analyses used to characterize thfe Basically, they provide théy based on
changes of material property during the glass transition. Particularly, DMA
measures the changes of mechanical strength and energy loss, while DSC
evaluates the changesn mat er i al 6s heat capacity.

The"Y, according to ASTM E 176s the temperatuneegion where extensive
chemical changes occur. In practicde material begins to chemically
decompose and lose weight due to the generation of gasebuapours, which
can react with the air above the polymer and burn. It may lead to a loop in which
the heat produced by the burning of the volatiles transfers back to the polymer,
which continues the procestn addition to the chemical process, physical
changes, such as efting and charring, occu(Beyler et al, 20001 The
Thernmogravimetric Analysis (TGA), is a useful technique to characterizétthe
TGA measures the amount and rate of change in the mass of a sample as a
function of temperature during a controlled tengpagre programme, in a
controlled atmosphere. Moreover, TGA is used to determine the thermal and/or
oxidative stabilities of materials as well as their compositional properties

The thermal conductivity_{) is the property of material® conduct heatt is
defined aghe quantity of heat transmitted through a unit thickness of a material

in a direction normal to a surface of unit gréae to a unit temperature gradient
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under steady state conditionBhermal conductivity is measured in W/(mK)
Severaltechniques are available in literature to measure this property. The most
common machines usually measure the amount of heat provided to a solid
material,placed between two plates controlled at different temperatures, and the
overall temperature differee between the two surfaces in contact with the
sample.

3.1.1Dynamic Mechanic Analys

Dynamic Mechanic Analysis DMA) provides information about the
mechanical properties of a specimen placed in sinusoidal oscillaora
function of time(t) and temperata, by a small sinusoidal oscillating force. The
applied stres$3. 1) determines a corresponding stré® 2), whose amplitude
(- ) ard phase shiff ) need tobe determined, in order to define tb@mplex
modulus E, which is the stiffness of the mater{#0 67211, ASTM D4092).

. . OBTO 1 (CIY
- - 0gilo 3.2
Eis composed of the real part, t he
part, the | oss m@A&ulus EO66, as shown
O O (D (3.3)

The formula of complex modulusagnitudas shownin (3. 4)

Os —= O] 0 1 (3-4)

where;
0] OsAi|0 (3.5)
0O ] SOsOE 1 (3.6)

PG O B A 3.7
‘] AOA%—.%—I—

1 is the frequency of strain oscillation.
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Accordingto ISO 6721l:t he st orage modulus EO6 r e
viscoelastic material and it is proportional to the energy stored during a loading
cyclethe | os s damprésertsuhe vidEdus portion and ipieportional
to the energy dissipatedor example as heatiuring one loading cyclelhis
means thaa high loss facto© A lis indicative of a material characterized by a
high nonelastic strain component, axite versa.

DMA measurementan be carried out in deformatioocontrol, applying a
sinusoidal deformation to the specimen and measuring the stress, or vice versa in
force control. The d/namic loadcanbe achieved in free vibration or in forced
vibration in the first configuration, the specimen freely oscillataghesecond
ong a variable frequency apparatus applies a constant amplitude of stress or
deformation.

The analyzercanapply both torsional and axial stress/strain. Tdrsional
analyserare commonly used for liquithaterials while the axial onéor solid or
semisolid materialsMoreoverthe analyser can be sedifferentarrangements
such as: threpoint or fourpoint bending; singler dual cantilever; tensile;
compressive; she@Figure 3.1).

magnel syslem ling

air rolary bearing
normal force ransducer

vertical position conrol

Syt bondng
1| —sample
= 7]
1 i
] |— drive shaft
slirain —]
camped | | Gago
bending
ﬁ H ﬂ maotor ﬁ ﬁ
' ¢

Figure 3.1 - Possible test arrangements of a dynamic mechanic anéBlsenstein et al,
2009
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3.1.1.1DMA of a commercial CFRP bar

In order to define the glass transition temperaturehefFireStrong bar,
Dynamic Mechanic Analysewere carried out througlthe Triton Technology
Dynamic Mechanical Analyzer (TTDMA), shown Figure 3.2. The sections
3.1.1.2andO0 provide all the information about the performed tests, according to
the suggestion of ISO 6721

Figure 3.2 - Triton Technology Dynamic Mechanical Anasr (TTDMA)

A

3.1.1.2Specme ns 6 p r e papalyzeds arrangement d
The experimental program is made of 6 tests: 3 tests in single cantilever (SC)
configuration and 3 tests in thrpeint bending (TPB) configuration.

Figure 3.371 FireStrong CFRP bar Figure 3.4 - Specimens for DMA tests in
single cantilever configuration

TheFigure 3.4 shows the specimens tested in single cantilever configuration.
Those specimens are 15 mm long and have rectangular cross section, whose
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dimensions are summarized Trable 3.1. The CFRP barHRgure 3.3) was
chopped in pieces 15 mm lofigigure 3.5 a), and then the central part of each
piece was extractedrigure 3.5 b). The outer surface, made essentially of resin,
was peeled offigure 3.5 ¢) and accurately made smooth atehn.

Figure 35-Speci mensdé p
sur

—_ =

u

Figure 3.6 shows the analyser in single cantilever arrangement: the specimen
is firmly clamped on one end and excited on the other end. This arrangement is
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better than dual cantilever, where gpecimen is clamped to both supports and
excited at its midpoint. In fact, in the latter arrangement, specimens that expand
considerably when heated may distort, falsifying the reading.

The tests were conducted in single frequency (1 Hz), with a temperater
2°C/min and by setting a displacement amplitude equal to 0.05 mm.

Figure 3.6 - Dynamib mechanianalyzetin single cantilever configuration

Table 3.1 - Specimen$geometry(SC)

Dimension
Label Length Thickness Width
L (mm) t (mm) w (mm)
CFRR1-15 1.50 6.53
CFRR2-15 15.00 1.52 7.19
CFRR3-15 1.48 5.96

The Figure 3.7 shows the specimens tested in thpeent bending
configuration. Those specimens are 40 mm long and have approximately square
cross section, whose dimensions are summarizédbte 3.2. Those specimens
were prepared in the way described above.

The Figure 3.8 shows the analyser in thrpeint bending arrangement: the
ends are freely supported and the load is applied to the midpbatests were
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conducted in single frequency (1 Hz), with a temperature rate 2°C/min and by
setting a diplacement amplitude equal to 0.05 mm.

Figure 3.8 - Dynamic mechanianalyzerin 3 point bending momermbnfiguration

Table32-Speci mens @PBjeometry

Dimension
Label Length Thickness Width
L (mm) t (mm) w (mm)
CFRR1-40 2.53 3.07
CFRR2-40 40.00 2.80 3.47
CFRR3-40 3.23 3.47
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3.1.1.3Evaluation of the glass transitidemperature

Various standard40/CD 6721- 11:2008 DIN 65583 1999 and apparatus
manufacturers provide several proposals for determining the glass transition
temperature in practice.

The most common techniques are:

- evaluation of the peak of the losfor tan ;

- evaluation of the peak of the | oss

- 2% offset method (start of glass transition);
tangent method (start of glass transition);
inflection point method.

The results of the performed tests were processedtinggetechniquesas
shown in the following.

Evaluation of the peak of thess factortani

The glass transition temperature may be defined as the temperature
corresponding to the maximum loss factor tarThis method provides the
highestY value, compared to the vakiprovided by the other methods.

The storage modulus EO, t hetalf@aes mo
depicted versus the temperatimeFigure 3.9 and Figure 3.10, referring for
example, to two of the six performed tests Those figires show that
"Y1 A@AT is greater than 200°C and the values obtained in FRRI(e 3.

10) arrangement are slightly greater than those obtained ifrig@d 3.9).

1.0E+11- + 3.0E-01 1.0E+12- T 3.0E-01
TemperatureAC=201.9
© - o
1.0E+10{ & 1 o5E01 1OEHL TemperatureAC=215, 1 25801
i
[%2]
= 1.0E+10
1.0E+09 T + 2.0E-01 4 2.0E-01
= E Modulus 1.
1.0E+09 =
w Loss Modulusl. .
1.0E+08 1 1.5E-01 9 Tan Deltal. T 15E-01
=] s
10E+084 B
s
1.0E+07- + 1.0E-01 + 1.0E-01
1.0E+07
Modulus 1.
1.0E+06 Loss Modulus1. + 5.0E-02 1 5.0E-02
Tan Deltal. 1.0E+06 +
Terﬁperature rC Tempgrature °C
1.0E+05 ‘ : 0.0E+0C  1.0E+05 . . 0.0E+0C
0 100 200 300 0 100 200 300
Figure 3.9 - SC CFRP1-15: storage Figure 3.10- TPB CFRP1-40: storage
modul us EG6, l oss m modul us EG6, |l oss m

tany vs temperature tany vs temperature
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Moreover those figure clearly show thaY I A @ AT is greater than

“Y I A '‘@epvhich is almost equal to the value obtained with the inflection point

method (Y midpoint)
The Table 3.3 and the Annexd summarizes the tesesults of the overall

experimental program. THeable 3.3 shows the calculated values of average and
standard deviation: TPB providéd values, characterized by a greater scatter

than that had in SC.

Table 3.3-"Y | A @AT. Average(u) and standard deviatigqn G )

Analyzer o
y Label Aqfco | w u
arrangement
CFRR1-15 201.9
SC CFRR2-15 202.4 202.7 | 0.29
CFRR3-15 201.9
211.48 | 10.71
CFRR1-40 215.9
TPB CFRR2-40 222.0 2209 | 4.52
CFRR3-40 224.7

Evaluation of'Y offset

The 2% offsemethod provides the starting temperature of glass tran§iton

offset).

In practice, a line is drawn parallehd 2% belowthe tangent to the linear
portion of the curvethatrepresergthe storage modulus versus temperatiire
t he paral |l el-TdefinesehéYwoifseth

intersectior f

Figure 3.11. Normalized storage modulus versus Temperature. Comparison between SC and
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The"Y offset has been evaluated referring to the normalized storagelus
EOG, namelkldy memes i aoal rati o of storage
modulus at temperature T=70°0 ( ), represented versus the temperature.

It has to be noted that the rdimensional rati®@ 7O ;enables a reasonable
comparison between the results of the tests, performed in SC and TPB
configuration. This comparison is shownHigure 3.11.

The Figure 3.12 and Figure 3.13 show the appliation of the 2% offset
method referring, for example, to two of the six performed telte results of
the overall experimental program are summarizethaiole 3.4 and in Annex.

As stated about they i A @ AT, the TPB arrangement providéd offset
valuesslightly greater than that obtained in SC arrangement, but characterized
by a negligible scatter.

119 EE o 114
E'/E qoe) EVE’ o)
1.0 1 101

0.9 1 T, (offset) =160<C 0.9 1 Ty (offset) =180°C

0.8 0.8

0.7 4 0.7 A
0.6 0.6

0.5 4 0.5 A

0.4 1 0.4 4
TPB

CFRR1-40

0.3 4 0.3 4

sC

0.2 CFRR1-15 0.2 1

0.1+ 0.1+

0.0 T T T T ) 0.0 T T T T
0 50 100 150 200 0 50 100 150 200

250 250
T (K0) T (K0)
Figure 3.12- SC CFRP1-15: Normalized Figure 3.13- TPB CFRP1-40: Normalized
storage modulus vs Temperature. Definitic storage modulus vs Temperature. Definitic
of "Y offset of "Y offset

Table 3.4 - "Y offset Average(l) and standard deviatidn Cof testresults

Analyzer

Label A co | w ‘ u
arrangement

CFRR1-15 160.0
SC CFRR2-15 165.0 161.0 | 3.61
CFRR3-15 158.0

170.75 | 10.94
CFRR1-40 180.0

TPB CFRR2-40 181.5 180.5 | 0.87
CFRR3-40 180.0

41



Chapter 3i Thermemechanicapropertiesof materials

Evaluation of Y onset

The "Y onset is the glass transition temperature provided by the tangent

method. It is defined as the temperature at the intersection betweandbats

to the linear portion of the curve of storage modwersustemperature and to

the inflection point of theame curve.
TheFigure 3.14 andFigure 3.15show the application of the tangent method,

referring to the curvesfdhe normalized storage modulus versus temperature,

obtained throughwo of the sixperformed tests. Th&able 3.5 and Annexl

summarizes the resslof the application of the tangent methmd the overall
experimental prograprshowing thatY onset values are slightly greater tian
offset and, as expected, less théfmax tam).

1.1 4
1.0 4
0.9 A
0.8 A
0.7 A
0.6
0.5 A
0.4
0.3 A
0.2

0.1 A

0.0

Figure 3.14 - SC CFRP1-15: Normalized
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Figure 3.15- TPB CFRPR1-40: Normalized
storage modulus vs Temperature. Definitic storage modulus vs Temperature. Definitic

of Y onset

d e viesltsi on

Analyzer o
Y Label Aqco| u u
arrangement

CFRR1-15 182.0

SC CFRR2-15 181.0 181.67 | 0.58
CFRR3-15 182.0

192.42 | 11.92

CFRR1-40 200.0

TPB CFRR2-40 204.0 20317 | 2.84
CFRR3-40 205.5
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Evaluationof Y midpoint

The™Y midpoint is the glass transition temperature provided by the inflection
point method.

The"Y midpoint, in practice, is defined as the temperature corresponding to
the inflection point of the curve of the storage modulus versus temperature.
Therefore it canbe calculated as the maximum of the first derivative of the
storage modulus versus temgara curve(Figure 3.16).

119 EE e
1.0 1
0.9
0.8
0.7 1
0.6
05
0.4
03 1
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0.1 1
0.0 . . . . ,
0 50 100 150 00 250
T(KC)
0.000 . :
50 00 W’“ﬁ% Wéo

200
| W
-0.005 W (‘ﬂ T (k)
-0.010- \\

o m ﬂ

-0.0201 \

-0.025 - ' {

-0.030 4

T,(midpoint)=192C
-0.035 | (midpoint

d(EVE' 1qic)/dT
0,040 4E7E 70c)

Figure 3.16 - SCCFRR1-15: Normalized storage modulus vs Temperaturefirgt derivative
of E/Ezo°c) vs TemperatureDefinition of Y midpoint

TheFigure 3.16 andFigure 3.17 show the curves of the first derivative of the
normalized storage modulus versus temperature, obtained through two of the six
performed tests. The application of the inflection point method on the overall set
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of curves, obtained through the performed experimental program, pro\ded
midpoint values, which are summarizediable 3.6 and in Annex.

0.000 ‘
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\
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Figure 3.17 - TPB CFRP1-40: First derivative of E/fo-c)vs TemperatureDefinition of 'Y
midpoint

Table 3.6 - "Y_midpoint Average (Wandt andar d deviesltsi on ()

Analyzer

Label Aeo| u ‘ u
arrange ment

CFRR1-15 192.0
SC CFRR2-15 194.5 194.17 | 2.02
CFRR3-15 196.0

205.83 | 12.99
CFRR1-40 214.0

TPB CFRR2-40 219.0 217.50 | 3.04
CFRR3-40 219.5

3.1.2Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) is an experimentthnique, which
provides theweight or themassof a sample, measured as a function of
temperature or time in isothermal experiments.

The thermogravimetric analyzer is the instrument used to perform TGA
analysis. It is a thermobalance, through whichuage gasge.g, nitrogen or
oxygen, flows creating an atmosphere that can be respectively inert or oxiding.

Several different arrangements of the balance and furnace are possible:

- the sampleholder may hang down from the balance into the furnace

(bottomloading or suspension design);
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- the sample holder is rigidly attached to the top of the balance arm (top
loading design);

- the sample holder is rigidly attached to the end of the balance arm in
horizortal configuration (sidéoading design).

The modern and commercial systems have furnace able to cool as fow as

160°C and heat up to 1600 °C, with a user defined rate.

Balance

Tap loading Hang down Harizantal arrangement

Figure 3.18 - Thermobalance designs (Gabbott, 2008)

The TGA measurements are commodBbpictedas a TGA curven which the
mass is plotted versus temperature or time. In addition, a Differential
Thermogravimetric (DTG) curve, which is the first derivative of TGA curve,
providesthe rate of mass changes versmperature or time.

The steps in TGA curve and peaks in DTG curve represent the mass loss, due
to several effects, such dsss of water of crystallisation; evaporation of volatile
substances;chemical thermal decomposition in an inert atmospheith
generation of gaseous productxidative decomposition of organic substances
in air or oxygenother chemical reactions (Gabbott, 2008)

Several studies (Haines, 2002; Menczel & Prime, 2008; Gabbott, 2008)
provided useful information about the main factdrattmayaffect the TGA
measurement.

The buoyancys one of the distining factors in TGA measurement, defined
as the upward force on the sample (equdBo8) ), produced by the surrounding
atmosphere (atmosphere effect). The buoyaffgctoccurs as the densityof
the gasin the balancedecreasesvith increasing temperaturaffecting the
appaent mass of the sampléhe buoyancy effect is not constant, sitioe gas
density is temperature dependent, as show#.if)) , where” is the vdue of
the gas density at the reference temperata@5°C); T is the temperature in a
generic instant of time during the teSherefore, even iany changef mass
occurs, the decrease of the buoyancy force with increasing temperature leads to
an increase of the apparent mdss. this reason, the TGA measurements need
to be corrected through a Ablank meas
is carried outwith the same temperature program and crucible used for the
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experiment, but without sample; the obtained blank curve is then subtracted to
the TGA measurements.

0 60 ¢ (3.8)
y Y (3.9
TY

Other factors associated to the increase of temperatoray affects TGA
measurements, g, the thermal expansion of the thermobalance components, the
presence afhermal convection currents

Many disturbing effects may beeduced or eliminated through an awte
sample preparatigby settingsuitabbe parameters (heating rate, atmosphare)
usingappropriatecrucibles

The sample shouldbe homogeneous ankdave an appropriate sizand
morphology i n order to achi evandnohaffectthequi r
heat transfer process. dveover,the sample preparation processould be
reproducible and ghouldnot contaminate the sample

Therealsample temperature may be slightly differenthat measured, which
is heating rate dependerithis effect may be reduced through a temperature
calibration by using pure metalgth a good thermal conductivityObviously
polymers may exhibits different thermal conductivity behaviour, therefore their
measured temperature may be still slightly influehbg the heating rate. The
influence of the heating rate is more important for those samples, which undergo
chemical reaction during the test.

Regarding the crucibles, it should be clear that their material must not
influence the reaction of the samplehe crucible usually employed in TGA
measurements are made of alumina, sapphire or platinum: the alumina crucibles
can be heated up to 1600°C; the sapphire crucibles are suitably employed for
measuring metals that partially dissolve and penetrate ordiaamina
crucibles; the platinum crucibles e good thermal conductivity.

3.1.2.1TGA of a commercial CFRP bar

In order to define the decomposition temperatuitheFireStrongCFRPbar,
Thermogravimetric Analyses were carried out througiMEd TLER TOLEDO
ThermogravimetridAnalyzer MTTGA), shown inFigure 3.19. The MTTGA is
a thermobalance with horizontal arrangemdihte sections$8.1.2.2and3.1.2.3
provide all the inbrmation about the performed tests.
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Figure 3.19- METTLER TOLEDO Thermogravimetric analyzer

3.1.22Speci mens 6 ptreesptasréa tsi eotnt iamgds

The experimental program is made of 6 tests: 3 tests in Nitré@en
atmosphere50¢e | / )ramdrB tests in air.

The tested specimens were extracted by the core of the CFRP bar, through a
procedure similar to that explained in sectdoh.1.2 They were placed in the 70
e | ad&cwablegwhich were set in the sample holder, showfigure 3.20.

Figure 3.20 - Specimens placed in teduminiumc r uci bl es (70¢l )

TheTable37s ummar i zes t he speci nsetnssdd sientitti
in terms of temperature rate and range.
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Table3.7-Sp e ci mgahweihtand t estT&® setti ngs

Label Initial weight Rate Temperature range
(mg) (°C/min) G
CFRRN2-A 51.6
CFRRN2-B 42.5
CFRRN-C 46.6
i 10 25-800
CFRRAIr-A 47.7
CFRRAIr-B 43.6
CFRRAIr-C 50.2

3.1.2.3Evaluation of the decomposition temperature

The results of the performed testse depicted as Weight loss versus
Temperature curves (TGA cus)enFigure 3.21 and First derivative of weight
loss versus Temperature cus{B TG curves) in Figure 3.22.
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Figure 3.21 - Weight loss vs Temperature Figure 3.22 - First derivative of weight loss
(TGA curves) vs TemperatureQdTG curves)

Those figures highlight that the material is very stable, since the scatter
between the TGA curves, and similarly between the DSC curves, is very
negligible, especially referring to the tests conducted)in environment.
Moreover, when the decompositioscoirred, the weight loss was about 27%.
This means that the percentage in weight of fibres is about 73%.

Similarly to that explained in sectiod, various standards and apparatus
manufacturers provide several proposals for determining the decomposition
temperature.
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The most common techniques are:

- 2% offset method (start of decomposition);

- tangent method (start of decomposition);

- inflection point metbd.

These techniques were applied on the results of the performed tests, as shown
in the following.

Evaluation of'Y offset

The 2% offset method provides the starting temperature of decomposition
stage (Y offset).

In practice a line is drawn parallel and 2% below the tangent to the linear
portion of the curve, that represents the weight loss versus temperature; the
intersection of the parallel line with the curve (Weight [0SE) defines the'Y
offset.

120 -

Weight loss(%)

100 A

T, (offset) = 322C

80 -

60 -

40 1

20 1

Temperature (AC)
0 T

0 160 260 360 460 560 600 760 860
Figure 3.23 - CFRRN2-A: Weight loss vs Temperature. Definition"™f offset

Figure 3. 23 shows the application of the 2% offset method on the
experimental curve obtained testing, for example, the specimens-CFRP
Theresults of the overall experimental program are summairzeable 35 and
in Annex|, showing thatY offset ranges between 314°C (averagéYofalues
in air) and 322°C (average of valuesin 0 ). Thereforethe medivo f f set (¢
considering the overall experimental program, is about 318°C corresponding to
a standard deviation (0) equal to 4.4
respectively to the results of the test® inand in ai, are significantly lower than
4.4.
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Table 3.8."Y offset Average (W)andt andar d

d e viesltsi on

Label dm °C) u u
CFRRNyrA | 322.0
CFRRN»B | 324.0 | 321.50 | 2.50
CFRRN,C | 319.0
. 317.92 | 4.43
CFRRAIr-A | 315.0
CFRR Air -B | 316.5 | 314.33 | 2.08
CFRR Airr -C | 312.0

Evaluation of Y onset

The "Y onset is the decomposition temperature provided by the tangent

(0)

of

method. It is defined as the temperature at the intersection between the tangents

to the linear portion of the weight loss versus temperature curve and to the

inflection point of the same cusv
Figure 3.24 shows the application of the tangent methaa the experimental
curves obtained testing, for example, the specimens @FR®

120 4

100 +

80 A

60 -1

40 {

20 A

Weight loss(%)

T, (onset) = 332C

0
0

Figure 3.24 - CFRRN2-A: Weight loss vs Temperature. Definition™f onset

Table 3.9 and AnneXd summarize the results of the application of the tangent

Temperature (AC)

100 200 300 400 500 600 700 800

method on the overall experimental program, showing that the fifeamset is
331°C, corresponding to a standard deviagqual to about 0.5. Moreover, both

the tests i and in air provided results in very good agreement.
The application of the tangent method, as expected, provided a mean
decomposition temperature higher than that obtained through the offset method.
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Table 3.9-"Y onset Average (Wandt andar d

d e viesltsi on

Label dm °C) u H
CFRR Nz-A 332.0
CFRP N-B 331.0 | 331.00 | 0.50
CFRR N-C 331.0
) 330.92 | 0.49
CFRPAIr-A 332.0
CFRP Air -B 331.5 | 330.83 | 0.58
CFRR Air -C 331.0

Evaluation of 'Y midpoint

The™Y midpoint is the decomposition temperature provided by the inflection

point method.

The"Y midpoint, in practice, is defined as the temperature corresponding to

()

the inflection point of theTGA curve Therefore, it can be calculated as the
maximum ofthe DTGcurve €.9.,Figure 3.25).
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Figure 3.25- CFRRN2-A: TGA curve and
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Figure 3.26 - CFRRAIr-A: DTG curve.
Definition of “Y midpoint

Temperature (AC)

Tabe 3. 10 and Annexl summarize the results of the application of the

midpoint method on the overall experimental program, showing that this method,

compared to th@ssummarized in the previous sections, provided the grétest

values. Their mean value is about 358°C, corresponding to a standard deviation

equal to about 1.33.

Moreover, note that the tests conducted in Nitrogen provided exactly the same

result.
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Table 3.10-"Y midpoint Average (Wandt andar d deviesltsi on (0)

Label JmC) u H
CFRR Nz-A 359.0
CFRP N-B 359.0 | 359.00 | 0.00
CFRR N-C 359.0
) 358.33 | 1.33
CFRPAIr-A 360.0
CFRP Air-B 356.5 | 357.70 | 1.76
CFRR Air-C 358.0

3.1.3Differential Scanning Calorimety (DSC)

The Differential Scanning Calorimetry (DSC) ith@rmal analysisommonly
conducted to detect the transition phases of the materials, based on the changes
in its heat capacityThe specific heat capacity at a constant pressojdaq the

required amount of heat per unit més9 to raise the temperature by 19€can
be writen as in3. 10),

Qip Q@ (3.10)

where:

— is the heat capacity, namely the amount of H@ai, necessary to raise the
temperaturé Y

— is the increase in the enthalpy, caused bytipplied amountf heat,Q 0

I n practice, a DSC analysis tracks th
of known mass, which is heated or coolasla function of temperature.

Since the rate of change of enthalpyis equal tahe DSC heat flow, the specific

heat capacity can be-reritten asin (3. 11)

~ Q@ Q@QP Bp (3.11)
“ oW oma 14
where] isthe rate of change of temperature of the sample.
Several methods may be used to determine the glass transition temperature of
a material, based on the DSC curve, the enthalpy cutiie beat capacity versus
temperature diagraifidaines, 2002; Gabbot, 2008, ASTM D 3418)
The DSC analyss should be perfomed througha specifically designed
instruments, which measure calorimetric data while scanning, even if several
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Thermogravimetric analyser are able to conduct both TGA and DSC
measurements.

3.1.3.1Evaluation of thespecific heabf a commercial CFRP bar

The METTLER TOLEDO Thermogravimetric Analyzer (MTTGA), shown in
Figure 3.19, is an instrument able to conduct both TGA and DSC measurements.
Therefor, this machine was used to characterizentiaen thermal propertiesf
the FireStrong CFRP bar Patrticularly, the processing of TGA measurements,
shown in sectio.1.2.3 provided the decomposition temperature of that CFRP
bar, while the processy of DSC measurementshownin this section, provided
the specific heat capacity of that commercial product

Figure 3.27 depictsthe specific heat capacity of tHeFRP bar versus
temperaturgcalculated according to the equati@ 11), referring to theDSC
measurementsorducted on three specimens.

7.00

SpecificHeat Griffis et al, 1984
(kJ/kgéC) Mean value - experimental
—— CFRP-N2-A
6.00 - —— CFRP-N2-B

——— CFRP-N2-

5.00 A

4.00 A

3.00 A

2.00 A

1.00 1

0.00 Temperaturg/C)
0 100 200 300 400 500 600 700

Figure 3.277 CFRPSpecific heat capacity versus Temperat@emparison between
experimentatesults and the value provided in literature for a similar product

The mean value ab was also calculated and compared to that provided in
literature for a similar carbon/epoxy product (Griffis et al, 1984). According to
Griffis et al,w linearly increased in the temperature range3R0°C, then the
slope of the curvé "Yincreased significantly up to the achievement of the
peak value. Referring to the mean experimental curve, after the achievement of
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the maximunmo at about 545°C, the specific heat capacity suddenly decreased.
Similarly, the specific heat capacity obtained by Griffis et al suddenly decreased
at 500°C, but the peak value was almost constant in the temperature range 340
500°C. Clearly, the perfect amgment between the experimental results and that
found in literature is impossible to achieve, since the thermal properties of FRPs
depend on the fibre/resin volume fraction, which can be significantly different in
various products.

It should be noted thafter the achievement of the decomposition temperature
of the CFRP bar (360 °C based on itfi¢ection point methoy] the DSC results
are very scattered.

The DSC measurements were not processed to determine the glass transition
temperature, because DM#ésultswere consideredufficiently reliable.

3.1.4C F R PThvermal conductivity

The thermal conductivity of FRPssed as NSM strengthenimy internal
reinforcementgoes not significanthaffectthe heat transfer within tretructural
member,since its small cosssectional areacompared to concrete section.
Converselyywhen FRHs used for external strengthing (e.g, wrap, plate)since
its low transverse thermal conductiyitan provide a certain thermal protection
to the concrete. Moreovehe charred FR laminates, due to fire exposungay
act as insulation materiédr the concrete member.

The type of resin, the type and orientation of fibres, and the fibre volume
fraction influence the thermal conductivity of FRPBey are thermal anisotropic
materials, characterized by different thermal conductivity values in various
directions in unidirectional compositeshé longitudinal thermal conductivity
(L) is fibre controlledwhile the transversé_) is matrix controlledFor this
reason, CFRPare characterized by high longitudinal thermal conductivity, due
to the high thermal conductivity of carbon fibres.

These statements are basedh@navailable theories for predicting the thermal
conductivity of unidirectional FRPs in the direction pkalaind perpendicular to
fibre axis. These theories provide the FRP thermal conductivity as a function of
fibre and matrix properties and volume fractions (Springer and Tsai, 1967, )

w [ 3.12)

P W &) (3.13)
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Generally, he thermal conductivities of FRPs are low, if compdcethat of
other structural materigl such as steel acdncrete.

The thermal conductivity, as well as other important thermal properties, such
as specific heat and density, are temperature dependent, but very limited
information are availablesspecially fotemperatures above 400°C

Bisby et al (200B) colleded typical values of thermal conductivities for
various FRP materials at room temperature thiedexperimentalvorks on the
variation of the thermagbropertiesavailable for FRPs in the literatur@riffis et
al (1984)testedcarbon/epoxy FRP by subjecting specimens to radiant heat by
laser irradiation up to temperatures of 3000°C. The results of these studies
showed an initial thermal conductivity of about 1.4 W/mK, decreasing to about
0.2 W/mK at 500°C then the thermal comdtivity was almost constant with
increasing temperatureScott and Beck (1992) found that the thermal
conductivity of thetestedFRP varied almost linearly from 0.77 W/m°C to 0.85
W/m°C between theemperatures of 30°C and 135°C.

Sweeting et al (2004pnducted other studies on a carbon/epoxy FRP laminate
with 45% fibre volume fractionThey found that the fi i-pnl a rtherdal
conductivity vared almost linearly from 2 W/m°C to 3 W/m°C between the
temperatures o20°C and Z0°C,whi | e t h-thickfit 10 oaghduct |
changed from approximately 0.5 to 0.7 W/m K in the same temperature ftange
has to be noted that tle-plane conductivityvasapproximately four times the
throughthickness conductivity

It is clear thatgeneralizations about the theahtonductivity, both at room
and elevated temperature, anet possibleand specific tests for thermal
characterizing FRPs are needed.

Note thathe thermatonductivityof FRP bars is verlgard to determinasing
the available commercial machine, usyalesigned for testingpecimens with
cylindrical/prismatic shape or plates

3.1.4.1Evaluation of the thermal conductivity @commercialCFRP bar

The experimental program, aimed to the evaluation of the thermal
conductivity of theFireStrongCFRP barFigure 3.3), was conducted through
the available machine at University of Edinburghichis the Holometrix Model
TCHM-LT C-Matic, shown irFigure 3.28. The GMATIC measures the thermal
conductivity of solid materials through a guarded heat flow mdtee test
sampleis a cylinder50 mmdiameterand maximum 20 mm thick. is placed
between two plates controlled at different temperatures, resulting in a heat flow
from the hotte(lower)to the coldefupper)plate Figure 3.29). A thin heat flux
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transducer, attached to the lower plate, measuresamount of heatA
cylindrical guard heater, maintained at or near the mean sample temperature,
surrounds tie sample in order to minimize lateral heat transfeBuilt-in
thermocouples measuréet overall temperature difference between the two
surfaces in contact with the sample. A thin layer of a commercially available heat
sink compound is usually applied to the samygegeduce the thermal resistance

of the interfaces between the sample and adjacent surfaces.

Do

Test sample ¢
EEE———

Heat Flux

Ty T
o

e R e e e @ i

AAAAAAAAAAAAAAAAAA
Heat Flux
Transducer

Figure 3.28 - Holometrix Model
TCHM-LT C-Matic Instrumens, Inc)

Figure 3.29 - Scheme ofC-Matic (Netzsch

When the sample achieves the thermal equilibrium (steady state), the Fourier
heat flow equation may be applied, providing the sample thermal resistaice (

as shown in equatio3. 14),

) LY Y (3.14)
Y 0] s Y

where:

0 is a proportionality constant;

“Yis the lower surface temperature,
"Y is the upper surface temperature,
0 is the heat flux transducer output,
'Y is the contact thermal resistance.

Then, the thermal conductivityX may be calculated as shown(s 15)
0 (3.15

=Y
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whereois the sample thickness.

The GMATIC machine needs a calibration at different temperature values,
by testing samples with known thermal conductivity, in order to obtain the
dependent parametdisand’Y .

The reference materials are the Vespel SP1, 12 mm thick, and the PYREX
7740 (6mm and 12 mm thick).

3142Speci mensobampd epastas ® onetti ngs

Since the testing material is a CFRP b8 mm diametet he s peci me
shapds not suitable in GMATIC machine.

The idea was to test sm@FRPsamplegFigure 3.30), extracted by the core
of the bar, embedded in an insubaticylinder(Figure 3.31) with known thermal
conductivity (_ ). Measuring the thermal conductivity of the overall
specimen (insutson plus CFRP,_ ), the CFRP thermal conductivity ()
may be determined through the generally valid equ&8o16) .

) () (3.16)
= = W = W

where:
——is the CFRP volume fraction,

is the insulation volume fraction.

Figure 3.30- CFRP samples Figure 3.31- Insulation cylinder -

The tests were conducted on six specimens, by varying the CFRP volume
fraction and the fibre orientation. Particularly, three tests were performed
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embedding CFRP samples in the insulation cylinder with fibres parallel to the
direction of the heat fluxFigure 3.32), in order to find theCFRPIlongitudinal
thermal conductivity. Moreover, three tests were carried out embedding CFRP
samples in the insulation cylinder with fibres perpendicular to the ineat the
heat flux (Figure 3.32), in order to find theCFRP transverse thermal
conductivity.

Before testing, as recommendéae Dow Corning 340 & sink compound
was applied sparingly to both specimen surfdEegure 3.33).

N

" ll =
Figure 3.32 - Specimens fothermal conductivity tests Figure 3.33- Specimen ceered
(L=longitudinal; T=transversal) by the heat sink compound

The tests were conducted for four temperature vaidsn the machine
temperature rangéY=50°C;"Y=100C; "Y=150°C; "Y=200°C.

3.1.4.3Testresults and discussion

Table 3.11 summarizes the testsults As expected, the longitudinal thermal
conductivity is significantly higher than the transverse one (about six times).
Moreover, the thermal conductivities varymalst linearlyin the analysed
temperature rangehe longitudinalthermal conductivityranges betweeb.72
W/m°C and7.54 W/m°Cin the temperatureange50°G-200°C Figure 3.34);
the transverseonductivityvaries from 0.99 W/m°C to 1.29 W/m°C in the same
temperature rangéigure 3.35).
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0

Table 3.11 - CFRP Thermal conductivityl estresults

CFRP thermal conductivity (W/mk)
Lab6|(CFRP Volume fraction)
50°C 100°C 150°C 200°C
L1(.34) 5.14 5.86 6.27 6.87
L2758 5.86 6.59 6.99 7.59
L3s.20) 6.17 7.01 7.49 8.15
| 5.72 6.49 6.92 7.
a 0.52 047 0.50 0.52
Cov Q) 0.09 0.07 0.07 0.07
T1s.80 0.77 0.81 0.81 0.88
T29.39 1.32 1.38 1.44 1.90
T3(10.69 0.91 0.98 0.99 1.08
| 0.99 1.06 1.08 1.29
dy 0.28 0.29 0.32 0.54
Cov (Q) 0.29 0.28 0.30 042
taAty 5.73 6.11 6.40 5.86
11, (Wimk) . %7 11 (W/mK)
8 4
°
[ J [ 7 4
& T1 (%FRP=5.8%)
° °
° 6 & T2 (%FRP=9.39%)
° ® L1 (%FRP=6.34%) 5 | * T3 (%FRP=10.6%)
® L2 (%FRP=7.58%) 4l ——average
® L3 (%FRP=8.30%)
3
———average
2 *
. . . . : 0 . . . . ,
0 50 100 150 200 250 0 50 100 150 200 250

Figure 3.34 - CFRP Longitudinal thermal

conductivity vs Temperature

Figure 3.35- CFRP Transverse thermal
conductivity vs Temperature

3.1.5Thermal conductivity tests afementitious mortar

This section summarizes the results of thermal conductivity tests, carried out
on a cementitious grout, manufactured\tifliken and denominateBireStrong
Grout. It is a pumpable grout, high flow, unsanded, especially formulateddor th
grouting of FireStrongbars Figure 3.3) in the typical groove of the NSM
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strengthening systerithe water/cement ratio of the mix was set equél.23,
according to the manufacturer technical data sheet.

The testing machine is Holometrix Model TCHM C-Matic, presented in
the previous section.

The thermal conductivity tests were conducted on the specimens shown in
Figure 3.36, which were cast and allowed to cure for 8 montiss is, actually,
a period longer than that needed for the curing of this matergah{@nths)

The tests were conducted for four tempamatvalues within the machine
temperature rangé€Y=50°C;"Y=100°C; "Y=150°C; "Y=175°C.

Figure 3.361 Specimens of cementitious mortar for thermal conductivity tests

The Figure 3.37depi cts the ther mal conducti
mortar versus temperature, showing that the thermal conductivity is almost
constant in that temperature range and equal to about 0.55 W/(m K). It should be
noted that o, onllyeslahtlyhiglGedtdacthat abtsised ahe d
50°C, 150°C and 175°C. This is clearly related to the veataporation at 100°C,
which lad to a greater energy absorption than that needed to maintain a certain
gradient of temperature in the sample, at otheingseémperatures.

0.7 7 I (W/mK) Water evaporation
0.65 - e

0.6
0.55 A
0.5 A
0.45 +
0.4
0.35 4
0.3 A
0.25 4
0.2
0.15 4
0.1 -
0.05 A

O T T
0 25 50 75 100 125 150 175 200

Sample temperature £C)

Figure 337iCement i ti ous mortards thermal cond
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Therefore, the bilinear branch depictedFigure 3.37 in the temperature

range 560150 °C is not representative of the variation of the thermal conductivity

in the

Ssame

range. I
50-150 °C and equal to about 0.55 W/(jy Kaving a sudden increase from 0.55

nstead,

t

W/(m K) to 0.66 W/(m K) in a small range around 100°C (red line).
Note that these values of thermal conductivity are also according to that

provided by Chung (2001) for several cementitious mortarsi@ele 2.1).

3.2MECHANICAL PROPERTIES OF MATERIALS

S

ver

This section provides information about the techniques commonly applied to
characterize the mechanical properties of the structural mat&datsularly the
testswere conductedn the materials, which were used to manufacture the NSM
FRP strengthened@beams, tested at ambient and high tempera@heapter

5).

3.2.1Concretetestsat ambient temperature

The mix design oftte concretdatch,used to manufacture tiC beamsis
summarized imMable 3.12.

Table 3.12 - Concrete batch

COMPONENTS QUANTITY MOISTURE
Ordinary Portland Cement 1002 kg
(OPC)
Ground Granulated Blast 669 kg
Furnace Slag (GGBFS)
Sand 1456 kg 66
Aggregate 4/10 mm 3420 kg )
Additive Plastiment 180 5.04 kg
Additive ViscoCrete 35RM 6720 ml
Water 4391
WIC 0.44

This concrete batch was characterized through compressid indirect

tensbntestsof cylindrical specimen®200 mm high and 100 mm diameter. After

the concrete cast, the cylinders were stored in a room with controlled temperature

and humidity.

The tests wereonducted at 28 daynd at 76 dag/(tests days of NSM FRP

strengthened RC beams at ambient tempenature
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3.2.1.1Tests at 28 days

The testsat 28 day were performed through teVERY 7104Compression
and Tension testing

The compression tests were carried out in the loading range 1000 kN, with a
loading rate equal t6.26 0T a & i , according toASTM C39and UNIEN
123903.

# *
Figure 3.38 - Avery 7104Compression and tension testimgchine

Table 3.13 summarizes the compression tessults, showing that the mean
value of compressive strength of this concrete batch at the age of 28 days is about
36 MPa. It should be noted that the blendehent of this concrete batch is 60%
OPC (ordinary portland cement) and 40% GGBFS (ground granulated blast
furnace slag). This is a very high GGBFS content, which may retard the strength
gain of the mix, leading to higher strengths at later ages.

Table 3.13 - Compression tesesults (28 days)

Label Weight "I +im0 ‘I: ‘I: O
Q) (kN) (MPa) (MPa)
C1l 3920 278 35.4
C2 3949 264 33.6 35.6
C3 3954 298 37.9

The tensile strength of the concrete was evaluated througit@piier tests
according tdS:199958161970.

The Figure 3.39 depicts a scheme ofi¢ apparatus for splitting cylinders,
while theFigure 3.40 shows a cylinderplaced in the apparatusn the loading
surface of the Avery. The compression load was applied diametrically and
uniformly along the lengtbf the cylinder until its failure, which was a splitting
into halvesA strip of plywood was placed between #pecimen and the loading
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plates of the test machine, in order to allow a uniform distribution of stresskes
to reduce the magnitude of compressive stresses near the points of application of
this load.

The loading condition usually produces a high compressive stress, acting for
about1/6 specimen deptland a tensile stress, due to Poisson effect, for the
remaining 5/6, as estimated in literature.

Based on these assumps@nd considering that the specimen behaves as an
elastic body, the uniform lateral tensile str&swhich auses the failure along
the vertical plane, may be calculated as show{.ifh7)

qi] (3.17

where:

0 is the compressive failure load;
‘Ois the diameter of the specimen;
"Qis the height of the specimen.

©

DBOARD

Figure 3.40 - Apparatus for splitting cylinder test

The Table 3.14 summarizes the tension tessults, showing that the mean
value of tensile strength of this concrete batch at the age of 28 days is about 3.8
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temsi & t

MPa.As expected, the M&Bpdfi ttthing
between{ —) of the compressive strength.
Table 3.14 - Tension testesults (28 days)
. Weight Weight
Label Weight "s?plit . 'gplit ||'|+5;.5&;:.<> l% < l} <O
(9) (kN) (MPa) (MPa)
half half
Tl 3911 1734 1984 130.5 4.15
T2 3963 1721 20% 120 3.82 3.83
T3 3894 1939 1907 110 3.50

3.2.1.2Tests at 76 days
The tests at 76 dawere performed through tH&ISTRONG600 LX, which

have capacit$00kN.

The compression tests werenclucted with a loading rate equal to 0.26
OFad i ,accordingto ASTM C39 and UNHN 123903.

Table 3.15 summarizes the compression tessults, showing thahé mean
value of compressive strength of this concrete batch at the @gelays is about

48 MPa.

Figure 3.41 - Instron600 LX Compression and tension testing machine
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Table 3.15- Compressiottestresults (76 days)

Label ”‘l +im0 l% lFD
(kN) (MPa) (MPa)

Ci 369 46.9
47.7

Cc2 381 48.5

3.2.2Steel tensile testat ambient temperature

The longitudinal steereinforcement of theéestes RCbeamsconsistedof 2
rebars, 10 mm diamet€f ), for use intension and 2rebars, 6 mm diameter,
placed in compression sideigure 5.2).

In order to define the constitutive law, the rebased in tension, were tested
through the INSTROMNOO LX (Figure 3.42). A unidirectional tensile load was
appledwith a constant speatkformationequal to2mm/min The free length()
of the tested specimens w04 mm, t he @ ) wapabaut55nmemn gt h

therefore the total lengtlv () of the specimen was’6 mm.

Figure 3.42- INSTRON 600 LX set for tensile test

65



Chapter 3i Thermemechanicapropertiesof materials

A high resolution camera (CANON EOS 5D MARK II) was placed just in
front of the testing machin&igure 3.43), and it was set for automatically taking
pictures every 5 s. The specimen was painted with white random dot, in order to
enable the picturesd processing throu
section 5.2.7). This technique revealed to be very useful for measuring
displacement and strain, as shown in the following. The strain was calculated
considering a gage length ) equal to 8 , accordilg to BS EN 10002.:2001.
TheFigure 3.44 shows the patches monitored through the DIC.

Figure 343-Camer ad6s position dur i ng)froneviews i |

A R e T Rl o R 2 0 ]

500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500

= = o
= = =}
[ =) o

7
Figure 3.44 - Patchesnonitored througiDIC (Steel tensile test)
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The tensile testprovided the steel constitutive law, shownFRigure 3.45
This figure shows thathe yielding strength is equal to about 525 MPa,
corresponding to a strain equal aout2 . 5 &ince the elastienodulus is
210000 MPakKigure 3.46). In the hardeningtage, whictstarted with a strain
value equal to 3%he load increased up toettensile strengthqual toabout 622
MPa

700 700

s (MPa) MP.
f=622 MPa s (VP2) s3
600 /MNMM“W"” 600 1
007 ¢ =525 mPa 5001
400 - st 400 4 y =210217% 15.599
-------- s2
300 1 S8 300 4
200 A 200 4
100 A 100 A
e e
0 T T T T T T T | 0 r T T T ]
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.000 0.001 0.002 0.003 0.004 0.005
Figure 3.45 - Steel constitutive law Figure 3.46 - Elasticbranch of the

constitutive law

3.2.3Compression test dementitiousgrout at ambient temperature

This section summarizes the resultaafompression testarried out orthe
FireStrong GroutAs already stated in secti@nl.5 it is a pumpable grout, high
flow, unsanded, especially formulated for tireuting ofFireStrongbarsin the
typical groove of the NSM strengthening system.

.;--_ & . :
Figure 3.47 - Mixing procedure Contractor Training Manugl
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The grout was mixed in a higgpeed mixer with the prescribed volume of
potable water, until auniform consistency was achieved, according to the
Contractor Training ManuaF{gure 347).

The water/cement ratio of thmix was set equal t0.23, according to the
manufacturer technical data sheet.

The tested specimen was a cylinder, 100 mm high and 50 mm diameter
(Figure 3.48).

Figure 3.48 - Specimen for compression te Figure 3.49 - 810Material Testing Machine
of the cementitious grout (MTS)

The compression test was carried out through 8h@ Material Testing
Machine(MTS), shown irFigure 349, at the Material and Structures Laboratory
of University of Naples

Figure 3.50- 810 Failure ode of the tested specimen
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The failure load of the tested specimen was 176 kN, therefore the ultimate
strength of the grout is about 90 MPa, which is in accordance with the
compressive strength at 28 days, provided by the manufacturefigihre 3.50
shows the failure mode of the tested specimen.

3.2.4FRP tensile tests at ambient temperature

TheFireStrongCFRP barsused to strengthen the R€ams through the NSM
technique, were spirally wound round rods, 8 mm diameter.

In order to define the constitutive law, 3 tensile tests were condddtedree
length () of the testedspecimens was 300 mm @d), according to ACI
440R.3R04, theg r i p 6 s 0 )wasn3g§a nim, therefore the total lengbh )
of the specimens was 1000 mm.

The endof thebars were embedded in steel tubes udimgtwo-component
superfluidresin MAPEI EPOJETFigure 3.51).

Figure 351-Sp e ci me n s 6: CpRPays ambadtled mgripping steel tubes

The bar was loaded by gripping the steel tubes in the friction wedge of the
Material Testing System (MTS), shownhkigure 3.52. A unidirectional tesile
load was applied with a constant speed deformation equal to 2mm/min. A high
performance camera (NIKON D810) was placed just in front of the testing
machine Figure 3.52), and it was set for automatically taking pictures every 1
s. The specimen was painted with white random Bigiufe 3.53), in order to
enable the picturesd processing throu
technique provided the bardéds strain,
length(0 ) equal to 50 mm, according to ASTM D 3039/D 3039M. Hygure
3. 54 shows the patches monitored through the DIC. The strain provided by the

DIC was comparetb that obtained through a traditional strain gauge, placed at
69



Chapter 3i Thermemechanicapropertiesof materials

themid-length of one of the tested baFsgure 3.53). It should be noted that, in
order to enable the strain gauge placement, the bar was accoratiEdysmooth

in the area of strain gauge attachment.

Figure 3.52- MTS set for tensile test

Fi

The tested specimens failed withypical tensile failure modé&igure 3.55),
under the tensile load 88 kN, which corresponds to the ultimate stress 1750 MPa.
The Figure 3.56 shows the stresstrain relationships of the three tested CFRP
specimens. It enabled the comparison between the strain obtained threugh t

DIC and that read by the strain gauge.
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1000 2000 3000 4000 5000 6000 7000

Figure 3.54 - Patchesnonitored througtDIC (CFRP tensile test)

Figure 3.55 - Failure mode of the tested specimens
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Figure 3.56 - Stressstrain relationshipof CFRP

The strain gauge provided strain valaé®most12%higher than that provided
by the DIC Obviously, the strain obtained through the strain gaugay be
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influenced by the treatmentade to get a smooth surface in the area of strain
gauge attachment, and by the properties of the usedMtreover, the strain
gauge detached when the stress in the bar reached about 1000 MPa. Conversely,
the DIC provided strain valuesf the tested ecimenswith a very good
agreement butue to a acquisitionmistake some data werest duringthe final
stage oftwo tests Actually, the collected datanight be sufficient for the
calculation of the elastic modulug/hich is usually determined in theading
range equal to30-50% of the ultimate logdaccording to CAN/CSA80602

and ASTM D 3039/D 3039M Based on the interpolation of the experimental
data, shown ifFigure 3.57, the mean value of the elastic modulus i§ &G3Pa,

the coefficient of variation is abod%o and, finally, the ultimate strain is 8%.

2000 ~
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1800 -

1600 -

T1 (DIC): y = 0.1426x + 4.7571

T2 (DIC): y = 0.1364x% 21.481
1200 A T3 (DIC): y =0.1295% 30.753

1400 -

1000 -

800 - - — =T1(DIC)

60y T2 (DIC)

L N T T T3 (DIC)

200 A

me
0

0 2000 4000 6000 8000 10000 12000 14000
Figure 3.57 - Interpolation of CFRP stresdrain relaibnships
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Chapter 4- Bond tests at ambient temperature

The efficiency of tke Near Surface Mounted (NSM) fi&reinforced polymer
(FRP) techniqued e pends on sever al par ameter
mechanical properties, the dimension and surface treatment of the grooves, the
geometry of the FRProduct the position of the FRP reinforcement in the
groove the type of bonding agent

Several stud have presented experimental bond tests and have shown that
the bond between concrete and FRP is particularly efficient if epoxy adhesive is
used ¢ee Chapter 2, whereas relatively few tests are available using
cementitious grout. However, FR¥SM systers with cementitious adhesives
may perform better at high temperatures because: (a) cementitious grout is not as
severely affected as typical epoxies by elevated temperature; (b) the cementitious
grout can provide additional thermal protection to the FRE, laad (c) the resin
of the FRP bar, which is manufactured by pultrusion, typically has a glass
transition temperaturey higher than common isitu cured epoxy resins used in
wet payup FRP strengthening applications.

This chapter summarizes all theanengful data of the experimental program,
conducted at University of Naples, aimed to analyze the-sbpdbehaviar of
NSM FRP strengthened RC elements. Particulaggries of bond pulbut tests
were performed on concrete specimens strengthenedawgpecific carbon
(CFRP) NSM system, which has been developed specifically to address the
performance of FRP strengthening systems at elevated temperatures, to
investigate the bond between FRP and concrete for different bonding agents and
positions of thdar in the groove.

4.1 EXPERIMENTAL PROGRAM

The experimental prograconsisted of 14 bond tests on NSM systdiine
specimensvere prismatic concrete blocks, strengthened with a specific CFRP
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NSM system. The prismatic concrete blsekere cast in the same bat(dee

sectiond.1.1) and they had the following dimension: widéh, equal to 160 mm:;
depth,Q, equal to 200 miength,0 , equal to0 +20 , whered is the

unbonded length of the bar, set equad@mnm (Figure 4.1 andFigure 4.2).

Anchorage
in the testing
machine
200 mm

/
>
Pr

100 mm

I-free 1
50 mmy
y

L]

400 mm 300 mm
(or 500 mm)|(or 400 mm

I-free }[ Q&
50 mn &

\ 4

. v
/60,72}72

Figure 4.17 Scheme of a specimenrfpull-out test (isometric view):
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Figure 427 Scheme of a specimen for puollit test(cross sectionia) & 16-TOP; b)® 16-
CENTRE; c)® 20-TOP

The mechanical properties of the concrete batch are summarised in section
4.1.1

All the tests were conducted using the same FRP product thaFisgBé&ong
CFRP bar, which properties are summarizeGhiapter 3

The Table 4.1 summarizes the overall experimental program, made of two
bond tests for each investigated parameter. Particularly, the tests were conducted
varying the following parameters:

- the bondindength, 0 , (300 mm; 400 mm);

- the dimension of the square groowegw , (16x166 & ; 20x204 & );

- the position of the bar inside the groove (Top surface of the groove; Centre
of the groove);

- the bonding agent (cementitious mortar; resin).

Table 4.171 Pull-out experimental program

Label n =I%(mm) A# +|l Bar 6s p Bonding agent
(mm) | (mm)
0 3000 16 T-CM 2 300 400 16 TOP Cementitious mortar
0 3000 16-C-CM | 2 300 400 16 CENTRE Cementitious mortar
0 3000 16 T-R 2 300 400 16 TOP Resin
0 300016CR | 2 300 400 16 CENTRE Resin
0 3000 20-T-CM 2 300 400 20 TOP Cementitious mortar
0 300020T-R | 2 300 400 20 TOP Resin
0 4000 16T-CM | 2 400 500 16 TOP Cementitious mortar

The cementitious mortarused like bonding agent theFireStrong Grout
which was also used to manufacture the NBRP strengthened RC besutinat
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were tested at ambient and at high temperature, as sho@hajpter 5 The
properties of this material are suranzed inChapter 3

The resin, used like bonding agent, is the commercial thixotropic ADESILEX
PGlepoxyresin, manufactured by MAPEI.

The Table 4.2 lists important geometricand mechanicgharameters of the
NSM strengthening, such as: theial stiffness of the ban 6 , diameter of the
bar, d; the perimetet, , of the groove; the perimeter of the NSM strengthening,

n ;theshaperaii k, whi cas— (DesLordmneziy&Ten, 2007)

Table 4.27 Geometricabnd mechanicgiroperties of the NSM strengthening system

Label Bmm) | mGPa) | g KN) | wp (MM) | wyyu(mm) | B |

0 3000 16 T-CM 64 25.1 2
0 3006 16-C-CM 64 25.1 2

0 3000 16 T-R 64 25.1 2

0 3000 16-C-R 8 136 6832 64 25.1 2
0 3006 20-T-CM 80 25.1 25
0 3000 20-T-R 80 25.1 2.5
0 4000 16 T-CM 64 25.1 2

It should be notedthath e t wo i nvesti ga(elbadgr oov e
20x204 & ) were chosen also considering that the shape ratio k needs to be
greater than 1.5, in order to avdiwe splitting failure of the epoxpe Lorenzis
& Teng, 2007; Ceroni et al, 2012)

4.1.1Fabrication and concreteproperties definition

The concrete prisms were cast in the same battiich mix design is
summarized iMable 4.3.

Steel bars, embedded ir
the concrete prism

Figure 4.31 Steel formworks for casting of concrete prisms
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b)
Figure 4.41 Casting of concretea) concrete prisms; lgpncretecylinders

The casting wasade using steel formworks, shownkigure 4.3. TheFigure
4.4 a and b depict spectively the casting of concrete prisms and cylindrical
specimens. The latter were tested in compression, in order to define the
compressive strength of this concrete batch.

Table 4.3 - Concrete batch for prisms manufacturing

COMPONENTS QUANTITY (per10 )
Cement (CEM_I1_42.5 R) 380 kg
Sand 1456 kg
Aggregate 4/10 mm 825 kg
Superfluid
(Chryso Premia 180) 4800 ml
Water 1751
Water/Cement 0.46

Compression tests of cylindrical specimens, 200 mm high and 10@fmm
diameterwere conducted at 28 dagnd at63 days (bondtests days)through
the Universal Testing Machine Mohr & Federhaff, which have capacity 400 kN.
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Table 4.4 summarizes the compression tessults, showing that the mean
value of compressive strength of this concrete batch at the age of 2&afays
about46 MPg and it did not change significaniy 63 dayssince it wagl8 MPa

Table 4.4 - Compression tesesults (28 day$3 day}

Age Label Weight (| P B |
(¢)) (kN) (MPa) (MPa)

C1l 3683 278 4491

28 days C2 3704 264 47.33 46.24
C3 3710 298 46.48
C1l 3703 385 49.06

63 days Cc2 3699 381 48.54 48.29
C3 3712 371 47.27

Figure 4571 Placement of CFRP bsinto the groove

After concrete hardening, the bars were placed into the grooves, cut in the
cover of theprisms Figure 4.5), and grouted through cementitious mortar
(Figure 4.6) or resin Figure 4.7). It should be noted that the strengthening was

realized after the accurate cleaning ofthegeosv0 s ur f ace; mor eo
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bonding through the resin, the groove
(MAPEWRAP primer), as recommended by the manufacturer.

TheFigure 45, Figure 4.6 andFigure 4.7 show also that an unbonded length
at both ends of the groove ( =50 mm)was considered.

'5‘

ing of cementitious morta Figure 4.71 Placement of thixotropic ras

&
Figure 461 Ca:
in the groove in the groove

4.1.2Instrumentation

The local measurement of the strain along the bonded length of the bars was
conducted by gluing strain gauges in five location orf@RRP bardeforetheir
placement and grouting insittee grooves (Figure 4.8).

A

Fiue .8'|" Strain gu n CFRP bars

The spacingoetween the strain gauges was set equal to 70 mm and 90 mm
respectively fothe cases characterizedlbyequal to 300 mniFigure 4.9 a)and

400 mm(Figure 4.9 b). This spacing should not influence the bond mechanism
and enabled the local measurement of the bond shear stress. Note that several
resarchers tried to find a solution to the problem related to the attachement of
strain gauges on the bonding length of the FRP. For instance, Seracino et al
(2007), who tested FRP strip bonded in a NSM system, glued strain gauges to the
strip every 50 mm oalterning sides so as not to compromise the bond on one
side of the block.
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Figure 4.107 Installation of steel pipes at the end of the CFRP bars
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Finally, steel pipes were installed at the end of the FRP bars and filled with
MAPEI EPOJET epoxy resitrigure 4.10), in order to ensure adequate clamping
in the grips of the testing machine.

4.1.3Testsetup

Researchers have used different test setup over the time to characterize the
bond behaviour, since any standard procedure has yet been defiardf it is
well knownthatthe testing procedumaay influence thefailure load(Aiello &
Leone, 2008, Novidis and Pantazopoulos 20G# et al. 2005;)
The test setupusedfor this experimental progrars a Single Shed?ulling test
(definition given inChen et al, 2001 whichwas adopted for other pudlut tests,
conducted at University of Naplesd SannidBilotta et al, 2012; Ceroni et al,
2012), since it is considered reliable and not particularly affeboitigthebond
slip relaionship aad the debonding loadlloreover, the single shear tests (SST)
is a commonly used tesiCpsta & Barros, 2011; Savoia et al. 208%llo &
Leone, 208; Ferracuti et al. 2008yao et al. 2005; Dai atl. 2005; Wu et al.
2001).Round Robin Testsitiative, also led to conclude that the SST setup is
preferable as standard test method for characterizing the bond behaviour and
strength of NSM FRP system. The higher simplicity of specimens preparation
and of testing procedure cause a lower influence of detadimghe overall
behaviour and lead to higher bond strengjidleed, tesemain reasons justify
the choice of such a sep as standardized testing method (Bilotta et al, 2015)

Steel pipe clamped in
the upper grips

CFRP bar anchored in steel pipe

Steel bars bolted to a
steel plate

Steel plate clamped in
the lower grips

Figure 4.117 Single shear test setup
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In practice, the single shear tests (SST) were conducted through the test setup
shown inFigure 4.11, which enabled to load the FRP bar in tensioreneds the
concrete prism was blocked at the base of the Universal Material Testing
Machine (MTS) by a couple of steel bars, 20mm diameter. The latter were
embedded in the concrete priskgure 4.3) and bolted to a steel plate, which
was rigidly linked to a lower steel plate, clamped in the lower grips of the MTS.

TheFigure 4.11 clearly shows that two opposite sides of each concrete prism
were strengthened, but each strengthened face was separately tested.

All tests were performed in displacement control with a speedabnys.

4.2RESULTS AND DISCUSSION

This section provide all the meaningful information about the results of the
conducted tests.

The Figure 4.12 (a to d) showssomespecimens after the ptdut tests,
highlighting that the failure occurretiie to the debondirat baradhesiveB/A)
interface under the maximum load, . Table 45summarizesthé  values
obtainedfor all the tested specimeriBhe peak values of the local shear stress,
T, wereevaluated based dhe strains recorded by the strain gauges labelled
as 1 and 2 (sekigure 4.9), since between those the strain assumes fairly the
maximum value Generally, the shear stress of an FRP element between two
following strain gauge$ andi+1) can be calculated based on the equilibrium
equation
00 - - 4.1

n a o

where:

a andd define the location of the strain gauges i and i+1, with i ranging
between 1 and 4;

- and- are the local measurements of the strain respectivélyaimdd

‘00 isthe axial stiffness of the FRPable 4.2);

N is the perimeteof the bonded bar, assumed equalitp (Table 4.2)
since the failure occurred due to the debonding aathesivanterface.

The measurement of the stragnabled also the calculation of the dlip
corresponding to the shear strdss . The slip wagractically calculated by
integratingthe strain from th@n-loadedend 6, to the opposite end, Figure 4.
9), where theheoretical strain, , assumes the following peak value:
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0 (4.2
00
Thus,the slipi ; can be evaluated as (4. 3)

(4.3)

(A o o
C

where n is the total number of strain gauges, which is 5 in this case.

a) b) c) d)
Figure 4.127 Specimens after putiut testa) 0 3006 16-T-CM; b) b 3000 16-T-R; c) 0 3000 20-T-
CM; d)D 3000 20-T-R

In order to give information about the macroscopic bond behaviour of the
tested specimens, the logo) was firstly plotted versus the crosshead

di splacement (@) of the testing machi
the specimeng 300-w 16-T-Randb 300-w 20-T-R, Figure 4.13shows that the

maximum load recorded during the tesls;( ) was about 50 kN. After the
achievementad ; ,thecurve) @ shows subsequent peask
33-40 kN (6680%0 ), representative of a sort of residual strength, based on
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the interlocking mechanism between the adhesive resin and the ribbed bar.
Referring to the specimeriis 300-0 16-T-CM andd 300-cy 20-T-CM, Figure 4.

14 shows that the maximum load was about 25 kN. In these cases, the specimens
did not recover a significant residual strength, since it ovdg about 24% of

0 7 .Note thatin order toevaluate the above mentioned residual strength, the
specimens were tested until the achievement of very high slip values. It
determined also the failure atihesivéconcrete A/C) interface, after the main
failure for debonding at BY interface(Figure 4.15). Figure 4.13 andFigure 4.

14 show also that the dimension of the groove does not affect significantly the
maximum load Preliminarily, this seems to ke contrast to that shown by
Bilotta et al 2014) They conducted a bond tests program using the same setup,
specimens with the same shaged dimensionthe same bonding length, a
smooth CFRP bar with approximately the same elastic modulus, a different
commericial resin as bonding agent and a § peor concrete, representative of
the properties of existing structurdhey statedhat theefficiency of the NSM

is also controlled by the groove dimension, which affects the maximum load.
Moreover, the poor properties of the concrete they used afféwtdailure mode,
which was atdhesivéconcrete interface, whereas in the experimental program
presented in this chapter the failure occurred alwfaysdebonding at BX
interface, since a higétrength concret@as usedTherefore, it is very likely that

the maximum load does not increase with the dimension of the gndwrethe
failure for debonding at the B/ interfaceoccurs

16x16-Top-R-01
- - - - 16x16-Top-R-02
- - - - 20x20-Top-R-02
20x20-Top-R-01

50

40

30

20

10

gp[mm]
0 . : : .
0 10 20 30 40
Figure 4131 Load versus crosshead displacemén800-T-R)

84



Chapter 4i Bond tests at ambient temperature

01 p [kN]

16x16-Top-CM-01
- - - - 16x16-Top-CM-02
20x20-Top-CM-01
40 - - - - 20x20-Top-CM-02

50

301
201

10 4

- p[mm]
0 T .

0 10 20 30 40
Figure 4.147 Load versus crosshead displacemén800-T-CM)

.o 5 s . =

ailure atA/C interface after the main failure at/Binterface

Figure 4.151 F

Obviously, theFigure 4.13 and Figure 4.14 cannot give any information
about thestiffness of the strengthening system, since the crosshead displacement
is not fully representative of the bond afBhterfacedueto the slip between the
anchorage and the grip as well as the elastic elongation of the FRéhded
length Converselyp versus curve wherei is thetotal slip calculated at the
loaded end according {d. 3), enabled to definthe stiffness bthe strengthening
systemFigure 416depictsd i referring to the specimeriis 300-¢) 16-TOP-
Randd 3000 20-T-R, showing that the dimension of the groove does not affect
the stiffness of the strengthenjrag well as the maximum load similar result
was obtained referring to the specimén800-¢ 16-T-CM andi 300-¢ 20-T-
CM (Figure 4.17). These resultgonfirmed the results shown Bilotta et al
(2014)
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Figure 4.18 shows the comparison betwedh 300-0 16-T-CM and 0 300
o 16-T-R, highlighting thathe strengthening with resin is stiffer thémat with
cementitious mortar.

60 T 60
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o) - - - - 20x20-Top-R-02 071 2
[
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Figure 4.167 Load versus total slip Figure 4.171 Load versus total slip
(0 300-T-R) (0 300-T-CM)
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¥/ 20x20-Top-CM-02
o F S [mm]

0.00 0.'25 O.'50 0.'75 1.'00 l.'25 1.50
Figure 4.181 Load versus total sligd(300-T-CM vs0 300-T-R)

In order to assess the effective bond length of the analysed strengthening
systems, the strain measured by the strain gapteed as shown figure 4.9
a, were represented versus the abscissas z, for different values of the load. The
slope of these curves is representative of the capacity of the strengthening system
to transfer theshear stresBom the loaded end, O (where the theoretical strain,
- , Is assumed), to the doaded end, 6. Particularly, as higher is the slope as
higher is the capacity to transfer thigess Clearly, since the failure mode was
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due to the debonding atBinterfae, over about the 780% of0 ; , the strain

gauges did not properly work anymore, therefore the profile of strain along the
bonded length could not be calculatedhis load rangeAnyway, comparing the

strain profiles af) obtained referringp O 300-T-CM (Figure 4.19a-b) versus
thoseobtained referring td 300-T-R (Figure 4.20 a-b) is clear that when the
cementitious adhesive is used a greater bonded length is needed. Comparing, for
example- 40  p QO of 0 3000 16-T-CM-02 (Figure 4.19 a) versus that

of 0 3000 16 T-R-01 (Figure 4.20 a), it can be observed that when the
cementitious adhesive is used a bonded length of 300 mm is needed, whereas 150
mm bonded length isnore than enougWwhen resin adhesive is used.
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Figure 4.207 Strain profiles &0 : a)0 3000 16-T-R-01; b)0 300-0 20-T-R-02
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It should be noted that in some cases, such 890-0 16-T-CM, - &
p 1 G is greater than (Figure 4.19 a). Clearly, it does not make any sense
and it is just an experimenttileoretical incongrity.

Even though the groove dimension, as previously noticed, does not affect the
global stiffness of the strengthening systems Rigeire 4.21 a shows that, for
low load level (P=6kN), the local stiffness (at z=10 mmpo300-¢) 16 TOP-
CMis lower thar) 300-c0 20-TOP-CM. Moreover, this gap decreases when the
load increases and micmvacks occurs in cementitous adhesigure 4.22a).
It does not occur, when resin is usédy(ire 4.21 b andFigure 4.22b).
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Figure 4.2171 Strain profiles ahd @ Q0: a)0 300-T-CM; b) 0 300T-R
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Figure 4221 Strain profiles ol p @0: a)0 300T-CM; b) 0 300-T-R
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Chapter 4i Bond tests at ambient temperature

Finally, the shear stredsy, was depicted versus the correspondingislip
Particularly, theFigure 4.23 shows that the shear stressio800-¢ 16-T-R is
zero when the slip achieved about 0.8 mm, whereas the shear stbe8®f
o 20-T-R, after the achievement dfie peak value, slightly decreased but it did
not become zero. Th& i behaviour of0 300T-CM (Figure 4.24) was
significantly different from) 300-T-R.

1400 T (ypag 14.00
16x16-Top-R-01
12.00 ¢ - - - - 16x16-Top-R-02 12.00 16x16-Top-CM-01
20x20-Top-R-01 - --- 16x16-Top-CM-02
10.00 § - - - = 20x20-Top-R-02 10.00 20x20-Top-CM-01
- - - - 20x20-Top-CM-02
8.00 8.00
\.-"
-'.--...'-- .- \ 3 " -———
6.00 el 6.00
4.00 +4 4.00
2.00 1 2.00
AN s [mm]
0.00 i i i AN s[mr?] 0.00 4 r r r r \
000 020 040 060 080  1.00 000 020 040 060 080  1.00
Figure 4.2371 Shear stress versus slip Figure 4.2471 Shear stress versus slip
t 1 :0 300T-R t i :0 300T-CM

Table 457 Summary of the main experimental results
[Fo6 4 Failure
(kN) | mode
0 3000 16 T-CM-01 | 22.85| BI/A
0 3000 16-T-CM-02 | 26.22| B/A
0 3000 16-C-CM-01 | 20.86| BIA
0 3000 16-C-CM-02 | 17.68| BIA
0 300016 T-R-01 | 52.18| BI/A
0 300016 T-R-02 | 56.77| BI/A
0 3000 16-C-R-01 | 45.38| BIA
0 3000 16-C-R-02 | 47.48| BIA
0 3000 20-T-CM-01 | 25.05| BI/A
0 3000 20-T-CM-02 | 23.78| BIA
0 3000 20-T-R-01 | 52.45| BIA
0 3000 20-T-R-02 | 55.22| B/A
0 4000 16 T-CM-01 | 24.47| BIA
0 4000 16-T-CM-02 | 30.45| BI/A

Label
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Chapter 4i Bond tests at ambient temperature

Moreover, the tests conducted ©r800-¢ 16-C-CM provided a maximum
load 27% lower than that obtained tesin@®00-co 16-T-CM. Similarly, 0 300
@ 16-C-R showed a strength 16% lower tharB00-& 16-T-R. It enabled to
assess that the position of the bar in the groove has a not negligible influence.
Finally, the tests conducted dn400-c 16-T-CM showed that a greater
bonding length provides ancrease of the maximum load equal to about 12%.
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Chapter 5- Experimental test®f NSM FRP strengthenedRC
beams at ambient and elevated temperature

With the NSM FRP strengthening technique, an FRP bar/rod/strip is applied
in a groove cut into the concrete cover of a RC member and bonded in place by
filling the groove with an epoxy or cementitious adhesive. Near surface mounted
FRP strengthening is trefore potentially less prone to damage due to fire
exposure than externally bonded FRP reinforcement (EBR), provided that: (a) an
FRP strengthening material with hig¥i and”Y; and (b) a bonding agent with
low thermal conductivity and good thermahlsility, are used. This chapter
presents a project undertaken on a specific higland cementitiouvonded
NSM FRP strengthening system.

Dynamic Mechanic Analysis (DMA) and Theogravimetric Analysis (TGA)
on the novel, higlfiY commercial CFRP bar Jiged a"Y valueslightly higher
than2 00 AC ( based on’Y df about 3p0°@seeadectioBaA)n d
Thermal conductivity tests were alperformed on the cementitious grout, to
verify its thermal conductivity &) , obtaining a value
temperature range 2075°C, equal to about 0.55 W/(m eealsosection3.1).

A series of tests on NSM FRP strengthened reinforced concrete beams were
performed at both ambient and elevated temperature. The tsémctural
response was investigated under sustdmeds typical of maximum permissible
service strain conditions in the FRP. Internal temperatures, beam displacements
and slip of the FRP strengthening were measured, and strain gauges were applied
for measuring the FRP bar strains; Digital Image CoraidDIC) was also used
to study strain distributions and beam displacements. All the results were
correlated with DMA and TGA tests results in order to better explain the failure
modes of the strengthened beams.

The main objectives of this study are sumzed below:
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- evaluation of the flexural resistance of theatrengthened beams at ambient
temperature (reference specirgen

- evaluation of the flexural resistance of the strengthened beams at ambient
temperaturgin order to define the gain fitexural resistance obtained through
the strengthening system,;

- evaluation of the effectiveness of the strengthening system at elevated
temperaturein differentheating configuration

The following sections providéi) information about the design anbet
fabrication of the RC specimeras well aghe strengtheningperations(ii) the
test set up and t he i nstrumentation for
monitoring and, finally,(iii) discussion othe testesults.

5.1EXPERIMENTAL PROGRAM

The experimentaprogram consisted of 12 fogoint bending tests dRC
beams and NSM FRP strengthened RC beams, 1450 mm long and 150 mm square
in crosssection. The tests were performed at both ambient and elevated
temperature. The tests elevated temperatuneere exeuted using propanrired
radiant panels to heat the beams, rather than a standaekstirey furnace. Two
heating configurations were used, namely:

(1) localised heating near midspan only;

(2) global heating over the entire bonded length of the FRfersy

The thermestructural response was investigated under sustained loads typical
of maximum permissible service strain conditions in the FRP.

Table 5.1 summarizes the experimental prograshowing how the tested
beams were labelledt. should be noted that:

- the labelUN-Swas associated to thm-strengthened beams;

- the labelSwas assaated to thestrengthened beams;

- the label GloH indicates that the beam was testedginbal heating
configuration;

- the label LocH indicates that the beam was testedlacal heating
configuration;

- the label SL indicates that the beam was testedrisedéceload;

- the label HL indicates that the beam was tested undhioad.

As shown inTable 5.1, the beams were testedfour-point bendingests, by
setting the distance between the supports (L) equal to 1380 mm and the distance
between the forces equal to 460 mm (=1/3 L).
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Table 5.1 - Experimental program

Label Scheme Load
460 mm N 460 mm e 460 mm
1 )
UN-S_i .
i=1 2 2mm/min
O 1380mm ! ©
Note: 2 tests aambient temperature of tgirengthened beams
Si .
i=1,2,3_cut Zmm/min
Q 1380mm " ©
Note: 3 tests at ambient temperature of strengthened beams
UN-S_GloH_SL_1 SL=40 kN
O i ; i i ; i O
Note: 1 test of urstrengthened beam in global heating configuration, under service load
S_GloH_SL_i -
i=1,2 i SL=40 kN
O O
Note: 2 tests of strengthened beams in global heating configuration, under service load
pteing si-ao
O — —— — — HL=50 kN
i=1,2
Note: ~ 2 tests of strengthened beams in localised heating configuration,samndiee load
) - 2 tests of strengthened beams in localised heating configuration, under high load

The sustained loads (SL and HLlyhich were applied during the high
temperature testsyere chosen based on the preslicstrength of the RC beam
(section5.1.7) and based on its experimental failure load (se@&i8ri).

Residual tests were conducted on specimens that did not fail during the high
temperature tests.

It should be noted that the ambient temperature tests were carried out after 76
days by the concrete casting, while the elevated temperature tests were conducted
on beam®$ monthsold, to reduce problems of concrete spalling
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5.1.1Design

The RC beamw/iere150mm square in crossection 1450 mm in total long.

All the beams had a flexural reinforcement made of two steel rebars (nominal
diameter 0 10 mm) on the tension side
in compressionKigure 5.1 a and b).

P 2
%

|
=90 - 156 ..

1450
a) Longitudinal section

S 26 F 110
T A | -
r ~ f6x2legs | -
i p I
| lo N
— N
‘_| N
, . e
. QG
2f 10 20l 7

b) Cross section
Figure 5.1 - RC beam

Figure 5.2 a and b depict respectively the longitudinal and the cross section
of the NSM FRPstrengthenedRC beam The designedstrengthening system
consisted of a CFRP bdrnomi nal d i a meduted thraugh & mm)
cementious mortar in a groove 16 mm square in €esson, cut into the
concrete cover of the beam.
The shear reinforcement was designed in order to ensure that flexural failure
would control the test. It consisted of steel stirrups (maindiameter 6 mm)
every 90 mm. The design was conducted according to EN129@i ACI 318
08, but the stirrupsé spacing provide
The Table 5.2 summarizes the mechanical properties of the materials,
obtained through the teqtsee als®ection3.2).
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26

.90, . 156 .

1450

a) Longitudinal section
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E - — A f 6x2legs ™ 110 \
| / 2
8 S.JE
20 " 210
b) Cross section
Figure 5.2 - NSM FRP strengthened RC beam
Table52-Mat eri al s6 mechanical
Property Symbol | Value (MPa)
Concretecompression strength (28 days) Qg 35.6
Concrete tensile strength (28 days) Q ; 3.83
Concrete compression strength (76 days) Qi a47.7
Steel yielding strength (rebars in tension side)] "Q 525
Steel tensile strength (rebarstémsion side) Q 622
Steel yielding strength (rebars in compression sif "Q 700
CementitiousMortar compression strength (28 day "Q 90
CFRP tensile strength Q 1750
CFRP Young modulus 0O 136000

* specified by the manufacturer

propert.|

A crosssectional analysis (CSAyas conducted in order pwedict the failure
load of both the wstrengthened and the strengthened beBme. CSA was
carried outthrough an incrementsterative procedure, which provisehe

MomentCurvature dthe analged section.

The crosssection of both the ustrengthened and the strengthened beam was

discretized as shownrespectivelyin Figure 5.3 a and b
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a) Unstrengthened beam b) Strengthened beam
Figure 5.3 - Discretization of crossections

TheMomentCurvature diagrams of ttracked RC beam weoalculatedby
considering both the concrete constitutlags according to EN1992-2 (un-
confined concrete modeBnd Manderet al, 1988 which allows taking into
account the concrete confinement provided by the shear reinforcement
Particularly,two CSAs were conducted according to Mander constitutive model:
1) by considering the woonfined concrete cover and the remaining confined
concrete(full Mander model) 2) by consideringun-confined concretdor the
overall crosssection

The curvature of the cracked section)(was interpolated witthat of theun-
cracked section (.), according td5. 1), in order to take into account the tension
stiffening,

o T, if (-1)

where:

0 is the cracking moment;

r e 1 —

I is a coefficient dependent on the type of load, assumed equal to 1.

Therefore, the MomerCurvature diagrams shown igure5. 4 wereobtained.
Based on t he CSA momeantefthe dnstrengthened eeanyis e | d
8.8kNm. Regardinghe failuremoment it is 9.7 kNm according to EN1992-

2, otherwise it is ahat 11 KNm according to the veonfined Mander model, and
12.3kNm according to the full Mander modir concreteThe latter provided a
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significantly higher failure moment, since the ultimate concrete strain and
strength of the confined concrete, is geedbhan that of tiwonfined concrete.

14 -
M (kNm) M=12.3kNm: failure
_________ (confinedconcrete, urconfined concrete cover
12 1 M=11kNm: failure
I (un-confined concrete_ _.
M=9.7 kNm: failure
104 ___ /____ | (un-confined concrete EN199P:))
8 | -
M=8.8kNm: steel yielding
6 4
Mander
4 —— EN1992-1-2 (T=20°C)
2 4
¢ (1/mm)
0 ; ; ; ,
0.E+00 2.E-04 4.E-04 6.E-04 8.E-04

Figure 5.4 - Moment curvature diagram of the RC beam

The Figure 5.5 depicts thefactuab curvature ...0FO and Moment
distributiond ORO on the beam for different values the load according to
EN19921-2 model The calculation of the.0RO enabledhe evaluationof the
beam deflectioni() i n t he b e a(@guse 5Mi atcxmiagntothe
principle of virtual work(5. 2):

_ (5.2
0 pIP ¢ O & ..aQa O
where
0 is the external virtual work, which is the product of a unit virtual force,
applied at the beamds midspan, and
(Figure 5.6);
0 ais the virtual moment due to a

midspan(Figure 5.6);
0 is the internal work.
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460 mm e 230mm :
O 1
0 230 460 690
0 1 1 )
z (mm)
0.000051
0.0001 4
0.00015+4
M=9.63kNm
C =
0,002 M=9.7kNm
0 230 460 690
O 1 1 )
z (mm)
1000000
2000000
30000001
4000000 1
5000000 1
6000000
7000000
8000000 1
M=8.8kNm
90000001
100000004 M (Nmm) M=9.7kNm

Figure 5517 Actual Curvature...affO and Momen® 6RO i un-confined concrete
(EN19921-2)
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lel

e

1380 mm ™
M(l)(z)

Figure 5.6 - Virtual Moment distribution on the beam

TheFigure 5.7 shows that the cracking load is about 10 kN, the yielding load
is 38 kN corresponding to a midspan deflection equal to 6mm, the failure load is
42 kN corresponding to a midspan deflection equal to 26mm.

The same calculation was conducted referring tofitieu | | Mander
(Figure 5.8), obtaining a failure load of about 53 kN corresponding to a midspan
deflection equal to about 40 mm.

60 1L0ad (kN)

55 1

un-confined concrete (EN1992-1-2
50 A
45 -
40 -

™

Failure

35 4
30 | Steel yielding
25 4
20 A
15 4
10

5.

v\Cracking
Displacement (mm)

0 5 10 15 20 25 30 35 40
Figure 5.7 - Load-Deflection curveof RC beanm(EN19921-2)

0

Finally, theFigure 5.9 shows the prediction of the Lodekflection curve,
calculated referring to the NSM FRP strengthened RC beam. The CSA was
carried out by considering an eddbondingfailure model (5. 3), proposed by
Bilotta et al(2014),
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8

- =50 " 5.3

where:
Ngi isthe NSM FRP bar perimeter;
‘00 is the axial stiffness of the NSM FRP bar.
60 1L0ad (kN)
55 4

50 A

45 -

40 A

\ Failure

Steel yielding

35 A
30 A
25 A

—— Mander (confined concrete,
un-confined concrete cover)

0 Displacement (mm)

0 5 10 15 20 25 30 35 40
Figure 5.8 - Load-Deflection curveof RC bearm(Full Mander modél

60 1 Load (kN)

55 A

™

50 - onddet™ O &

45 4 L
Steel yielding
40 A

35 1

30 - un-confined concrete model (EN1992-1
25 A
20 A
15 1

10 §

0 Displacement (mm)

0 5 10 15 20 25 30 35 40
Figure 5.9 - Load-Deflection curve of NSM FRP strengthened RC beam
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Figure 5.9 shows that the cracking load of the strengthened beam is about 10
kN (similar to that obtained analysisng the-sirengthened beam, since the
strengthening does not affect significantly ttedmo6 s moment of
yielding load is 50 kN, the failure load is 59 kN.

The strength prediction of botheRC beam anthe NSM FRP strengthened
RC beam enabled the definition of the sustainedsltmbe applied on the beam
during high temperatertests.

The fhigh sustained load(HL) equal to 50 kN was chosen ernsgran
allowableexploitationof the strengthening system. In fact, this load ensured that
the CFRP strengthening system would experience a sustained midspan tensile
strain levels lowethan 55% of the ultimate straiaccording to ACI 44.2R8.
Notethat 50 kN sustained lodd greater than theredictedfailure load ofthe
un-strengthened beam, ensuring that the failure should be related to the failure of
the strengthening systetiring heating.

Thefiser vi ce s ust4dikd ewab choseraltheed ¢nSHhe )ACI
440.2R08 design code, which recommends that the existing strength of the
structure should be sufficient to resist under the &amvnin (5. 4)

%Y pRY  TEY (5-4)

where: %Y is the predicted factored strength of the existing member

to be strengthened with FRR, is the strengthened service dead load ands

the strengthened service live load. Assuming that the factored design load is 50%
due to live load and 50% due to dead load and using the load factors 1.2 for dead
load and 1.6 for live loads, the allowable strength of the strengthened member
"O was calculated through the equat{6n5):

™0 ™0 (5.5)

%6oY Qs
OWQU PP —a— TR — o

Therefore]O LB XD
Finally, the sustained load to be applied during the high temperature tests was
calculated as shown (. 6)

8 8
8 8

(5.6)

YooY et 00 YD
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* Note that %oY was predicted through the Momeburvature

procedure, describedbove referring to the wtonfined concrete model
provided by EN1992-2.

5.1.2RC beamsnanufacturing and NSM strengthening

The RC beams were manufactured in
Edinburgh.The Figure 5.10 shows all the stages of tReC b e fabmcatéon:
a)preparation of the steel reinforcing cag®glacement of the reinforcing cages
in the formworksg) concrete cast

Figure 5.10 - Stages of the fabrication: a) preparation of the steel reinforcing cages; b)
placement of the reinforcing cages in the formworks; ¢) concrete cast.

After the concrete hardening, the NSM strengthening system was realized.
Firstly, a machine with two paralleliamond cutting discaas usedo cut the
vertical slots in the bottom concrete cover of the bégigure 5.11 a). After
finishing the working procedure, the remaining fin of the material was removed
with the breakout tool(Figure 5.11 b). Then, the groove was accurately made
smooth and cleaffFigure 5.11 c-d), as much as possiblEinally, the bar was
placed in the groovd-{gure 5.11e) and grouted inside through the cementitious
mortar Eigure 5.11f).
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a)

16mmI
<+
16mm

d) e) f)

Figure 5.11 - Stages of the strengthening: a) cutting of parallel vertical slots; b) remaining fin
removing; ed) groovesmoothing and cleaning) bar placement; flar grouting in
cementitious mortar
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