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Reinforced concrete beams strengthened in flexure with near-surface mounted
(NSM) CFRP strips: Current status and research needs

Abstract

The near-surface mounted (NSM) FRP strengthening technique has attracted worldwide attention as an
effective alternative to the externally bonded (EB) FRP strengthening technique. In the NSM FRP
strengthening method, grooves are first cut in the concrete cover of a concrete member for the FRP
reinforcement to be inserted and embedded using an adhesive. The NSM FRP method has many
advantages over the EB FRP method, including a higher bonding efficiency and a better protection of the
FRP reinforcement. Existing experimental studies have shown that FRP strips owned a better bond
efficiency compared with other section shapes (e.g. round bars and square bars), due to the fact that they
had a larger perimeter-to-cross-sectional area ratio. This paper presents a state-of-the-art review,
particularly on the flexural strengthening of RC beams with NSM CFRP strips. The observed failure modes
in laboratory experiments of such FRP-strengthened RC beams are classified and the existing strength
models are examined along with the failure mechanisms behind. The main knowledge gaps to be bridged
in future studies are also identified. This review partially formed the basis of the development of design
provisions on the NSM strengthening technique in the relevant Hong Kong design guideline.
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Abstract: The near-surface mounted (NSM) FRP strengthenicbnique has attracted
worldwide attention as an effective alternative ttee externally bonded (EB) FRP
strengthening technique. In the NSM FRP strengtitemethod, grooves are first cut in the
concrete cover of a concrete member for the FRRariement to be inserted and embedded
using an adhesive. The NSM FRP method has manynthes over the EB FRP method,
including a higher bonding efficiency and a betpeotection of the FRP reinforcement.
Existing experimental studies have shown that FRiBssowned a better bond efficiency
compared with other section shapes (e.g. rounddratsquare bars), due to the fact that they
had a larger perimeter-to-cross-sectional are®.rdthis paper presents a state-of-the-art
review, particularly on the flexural strengthenioigRC beams with NSM CFRP strips. The
observed failure modes in laboratory experimentsumh FRP-strengthened RC beams are
classified and the existing strength models arenex@d along with the failure mechanisms
behind. The main knowledge gaps to be bridged faréustudies are also identified. This
review partially formed the basis of the developtneh design provisions on the NSM

strengthening technique in the relevant Hong Koegjgh guideline.
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1 Introduction

The externally bonded (EB) FRP method has becopre\ailing technique over the last two
decades [e.g. 1-2] for the strengthening of exgsteinforced concrete (RC) members. In the
past ten years, as a promising alternative to tBeFRP method, the near-surface mounted
(NSM) FRP strengthening technique has attractece@sing worldwide attention [e.g. 3-5].
In the NSM FRP strengthening method, grooves as¢ éut in the concrete cover of RC
members and FRP bars are then embedded into tbgegravith an adhesive. FRP bars of
various cross-sectional shapes can be used in 8@ RRP strengthening method, such as
square, round, and rectangular bars (Fig.The NSM FRP method owns many advantages
over the EB FRP method)cluding a higher bonding efficiency and a befisstection of the

FRP reinforcemerie.g. 4].

De Lorenzis and Teng [4] provided a detailed aniicat review of the research available to
them at that time on the strengthening of concsetgctures with NSM FRP reinforcement.
Their review covered various aspects of the NSM EREngthening technique (e.g. FRP
reinforcement; construction aspects; bond) for owemi applications (e.g. flexural
strengthening; shear strengthening). De Lorenzd &ang [4] also outlined the main
research needs for more extensive applicationsi®ftrengthening technique, with the bond
behaviour between NSM FRP bars and concrete bdamgified as an important issue to be
further examined. After De Lorenzis and Teng’s wptk a significant amount of research
has been conducted, including experimental [e.B0]6theoretical [e.g. 14, 15, 19, 21-29]
and numerical [e.g. 9, 15, 30-32] studies into likbaviour of concrete structural members
strengthened with various NSM FRPs. More receftbglho et al. [5] conducted a review on
the bond behaviour of NSM FRP technique. Theire@yihowever, was limited to the bond
behavior of NSM FRP-to-concrete bonded interfacesdid not cover the behavior of NSM
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FRP-strengthened RC beams. In addition, Coelhb’®traview [5] appears to be inadequate
in the sense that (1) it did not cover some ofdbhbonding failure modes reported in the
existing literature [e.g. 7, 14, 19]; (2) it didtramver the recent advances in the development
of bond-slip models [e.g. 26, 33] and bond stremgtdels which are important for a better

understanding of bond behaviour between NSM FRRcandrete.

One important finding by these more recent stuie¢sat FRP strips (rectangular bars which
have a large bar height-to-thickness ratio) areesapto NSM FRP bars of other shapes in
terms of the bond performance [e.g. 5, 16, 19,384,and thus the strengthening efficiency
[e.g. 3, 5. This is due to the fact that an FRRipstusually has a larger
perimeter-to-cross-sectional-area ratio and a lagggbedment depth than an FRP bar of other
shapes, which consequently leads to a larger bomg between NSM FRP and surrounding
concrete and a higher utilization of the tensilpacity of FRP. Strips made of carbon FRP
(CFRP) are more attractive than other types of KRINSM strengthening applications due
to their high strength and stiffness which coulddigo a small cross-sectional area. The
recent studies on NSM CFRP strips-strengthened retecstructures have led to much
improved understanding of and more rational thémaktmodels for such structures,
especially for those where CFRP strips are usetldoural strengthening. These studies have
also unpinned the first ever systematic designgmore for the NSM strengthening technique
in a design guideline [36] for which the authore among the main contributors. Against this
background, this paper presents a state-of-thezaiw on the flexural strengthening of RC
beams with NSM CFRP strips. This review partiabymhed the basis of the development of
design provisions on the NSM strengthening in thlevant Hong Kong design guideline

[36].
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2 Behaviour and debonding failure modes of RC beams strengthened in

flexurewith NSM FRP

2.1 General Behaviour of NSM FRP-Strengthened RCabBes

Many laboratory tests on RC beams strengthened M@W round FRP bars or square FRP
bars have been conducted to investigate this pnognikechnique [e.g. 3, 8, 37-41]. A
significant number of experimental studies haveo ateeen conducted on RC beams
strengthened in flexure with NSM CFRP strips (nefdrto as NSM CFRP RC beams
hereafter for simplicity) in the past two decadeg] 3, 20, 42-56]. The existing experimental
studies on NSM CFRP RC beams generally show afisigni enhancement of the flexural
capacity of the strengthened RC beam, with the mami percentage increase in the flexural
capacity being more than 200%. The exact amouahbéncement depends on the amount of
FRP, the steel reinforcement ratio and the failm@le, among others. Compared to the
results of RC beams strengthened with externallpded FRP plates (referred to as
FRP-plated RC beams hereafter for simplicity), acimiigher utilization of the tensile
capacity of the FRP was observed in NSM CFRP RGnbepe.g. 3, 20, 44, 48, 50].
Furthermore, similar to the observation from bongtadt tests [e.g. 34, 35], NSM CFRP
strips showed much higher bond efficiency than NBRP round bars in NSM CFRP RC

beams [e.g. 3], owing to the higher perimeter-wsstsectional area ratio of the former.

From the load-deflection curves at the mid-spammaolst NSM CFRP RC beams, it was
shown that NSM CFRP strips did not contribute miecthe flexural stiffness of the beam in
the elastic stage (i.e. before concrete crackiigr cracking, however, the flexural stiffness
of the beam can be significantly increased compavigld an un-strengthened beam. The
flexural strength as well as the ductility of NSMFRP RC beams was much higher than

FRP-plated RC beams [e.g. 3, 44]. Using U-shaped/stBel jackets for end anchorage of
4
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NSM CFRP strips was shown to postpone the debond@igre of FRP and thus
significantly improve the ductility of the beam{haugh the increase in the flexural capacity
was not apparent [e.g. 50, 54, 57]. Informationtlom effect of U-shaped jacketing on the

effectiveness of NSM FRP used for flexural streegthg, however, is very limited.

2.2 Debonding failure modes
Despite a relatively strong bond between NSM CF&PBssand concrete, debonding failures
are still likely to happen in RC beams strengtheineitexure with NSM CFRP strips. In the
context of simply-supported NSM CFRP RC beams, déding failure modes are likely to
occur both at the ends of NSM CFRP strips andemtlaximum moment region. Apart from
interfacial debonding that occurs at or near a aiemal interface, debonding may also occur
in the form of separation of concrete cover whéwe ¢oncrete cover containing the NSM
CFRP strips are detached along the level of thel s¢@sion bars. In this paper, the term
“debonding” refers to both interfacial debondinguiee and cover separation failure; that is,
it refers to all failure modes where the compositéon between the FRP and the concrete
beam is not maintained. In the experimental studid¢SM CFRP RC beams, in addition to
the two conventional failure modes of RC beams, elgnflexural failure by crushing of
compressive concrete [e.g. 47, 49, 58] and flexiaillre by rupture of FRP [e.g. 3, 42], the
following debonding failure modes have been repbrte
1) Intermediate crack induced debonding (referred te EC debonding hereafter) failure
[e.g. 49, 50]. In this failure mode, the debondwfgthe CFRP strip starts from the
maximum moment region and propagates to one ofRRE strip ends. A typical
schematic diagram of the IC debonding failure lisstrated in Fig. 2. As can been seen
from Fig. 2, the IC debonding failure can be furtldévided into two sub-typedC
interfacial debonding[50] andIC cover separatiorj49]. In the IC interfacial debonding,

the debonding happens between the CFRP strip andulrounding concrete (more
5
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2)

accurately, in the thin concrete layer adjacenth® adhesive layer). In the IC cover
separation failure, the CFRP strip together with ¢bncrete cover is detached from the
beam starting from the maximum moment region, \&itmajor crack travelling on the
plane of the steel tension bars; and

End debonding failure[e.g. 42-45, 51, 54, 59]. In this failure modeg ttebonding of
the CFRP strip starts from one end of the FRP atigbpropagates to the mid-span of the
beam. This failure mode is mainly due to the higtenfacial shear and normal stresses
caused by the abrupt termination of the CFRP &%) 29]. A typical schematic of the
end debonding failure is illustrated in Fig. 3. &an been seen from Fig. 3, the end
debonding failure can also be further divided itteo sub-types:end interfacial
debonding [e.g. 42, 54] anand cover separation [e.g. 20, 43-45, 51-53]. Except for
the starting points of the debonding, end intedfliadebonding and end cover separation
are quite similar to their counterparts IC interdh@ebonding and IC cover separation

respectively.

While the above failure modes were reported inetkisting literature, some researchers only

indicated that failure of the beam was caused hycmte cover separation but did not

mention where the failure initiated [e.g. 48, 58nong the above debonding failure modes,

cover separation (i.e. IC cover separation and @nwer separation) has been found to be

more common than interfacial debonding (i.e. ICifacial debonding and end interfacial

debonding) in NSM CFRP RC beams. Possible reasorthit phenomenon include: (1) the

strong bond between NSM CFRP strips and concrekesnie interfacial debonding failure

less likely; and (2) the large radial stresses,rtedeby the steel tension bars to the

surrounding concrete during their tension proc84$, [plays an important role in accelerating

the cracking in the concrete along the level otlstension bars. Nevertheless, interfacial
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debonding is also an important debonding failure deqo especially for NSM
FRP-strengthened RC beams with a relatively lasgarbwidth [28]. The present paper aims
to clarify the failure mechanism of the above debog failure modes, to summarize the

established strength models and to identify thes gdknowledge for future research.

3 1C debonding

Although IC interfacial debonding and IC cover gapian are both termed as debonding
failure, the intrinsic failure mechanisms of thera quite different. The interfacial debonding

failure happens on the NSM CFRP strip-to-concneterfaces and the debonding strength is
thus mainly controlled by the material and/or ifdeial properties on/near such interfaces.
Obviously, in order to find out the debonding meaubm and establish strength models for
interfacial debonding failures in NSM CFRP RC beaths fundamental issue is to expose
the bond behaviour of the NSM CFRP strip-to-coreretterface. In contrast, the cover

separation failure happens on the horizontal plaingension steel bars with both concrete
cover and FRP detached from the RC beam. Thereforerder to establish the strength

models for cover separation failures in NSM CFRPB®@ms, one of the fundamental issues

is to clarify the failure mechanism on the horizdmiane of tension steel bars.

3.1 IC Interfacial Debonding

3.1.1 Failure mechanism

The failure process and mechanism of IC interfadéddonding is usually as follows: when a
dominating flexural crack occurs in/near the maxammoment zone, the tensile stress in the
concrete releases and is transferred onto theoteisseel bars as well as FRP reinforcement
through interfacial shear stresses. Near the mtéon of FRP reinforcement and the
dominating flexural crack, high local interfacidiemar stresses happens as a result of the

geometric discontinuity of concrete due to the texise of the flexural crack. These high
7
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local interfacial shear stresses increase as thkeddoad increases and finally result in the
initiation of debonding between FRP and concretdenhreaches a critical level. Afterwards,
the IC interfacial debonding process is mainly eni\by the opening of the flexural crack
which causes relatively displacements between FRI @ncrete. The propagation of
debonding therefore strongly depends on the bohdweur of NSM CFRP strip-to-concrete
interfaces, which can be investigated through st of NSM CFRP strip-to-concrete
bonded joints as shown in Fig. 4. In other worls,findings from such bonded joints has the
potential to be used for predicting the force &tjehat can be developed in the NSM CFRP
strip at IC interfacial debonding. In the followisgibsections, the existing studies on NSM
CFRP-concrete bonded joints/interfaces are fingereed based on which recommendations

on the bond strength of IC interfacial debondingmNSM CFRP RC beam are provided.

3.1.2 Behaviour of NSM CFRP strip-to-concrete interfaces

The interfacial bond behaviour has been commonlgistl using pull-out tests on NSM
FRP-to-concrete bonded joints. By far, the beamqutl test and the direct pull-out test have
been adopted by existing studies to study the Hweidhvior between NSM FRP bars and
concrete. The former one had been widely usedhierstudy of the bond characteristics of
steel bars and was introduced by Nanni et al. {@ONSM FRP bars. The later one has three
main sub-types: one-side pull-out test [e.g. 6,48],61, two-side pull-out test [e.g. 62], and
C-shaped block pull-out test [e.g. 37, 38]. As dhne-side pull-out test is the simplest one to
be implemented in laboratory experiments and igslilng mechanism is direct and clear, it

has been the most common test method adopted égrobers.

Failure modes
A number of failure modes have been observed iremx@ntal studies of NSM CFRP

strip-to-concrete bonded joints, including: (1) esion failure on the strip-to-adhesive

8
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interface [18, 19, 58, 61, 63, 54]; (2) adhesiatufa on the adhesive-to-concrete interface
[14, 18, 19, 34, 35, 64]; (3) cohesion failure intt@n layer of concrete near the
adhesive-concrete interface [6, 7, 14, 18, 19,63166]; (4) cohesion failure in the adhesive
[7, 16, 34, 61]; (5) splitting of the concrete KdZ]; and (6) rupture of FRP strip [14, 18, 19].
Among these failure modes, the splitting of coretgibck only happened in the specimens
where the CFRP strips were deliberately embeddethrdeep in concrete blocks [7]. This
failure mode is therefore unlikely to occur in R€ams as the embedment depth of FRP
strips in RC beams is generally limited by the khiess of concrete cover. The rupture of
FRP strip depends on the tensile strength of FRPisuthus not a property of the bonded
interface. The adhesion failure at strip-to-adhesor adhesive-to-concrete interfaces is
largely a result of the poor surface conditionhet torresponding interface (e.g. the surface
of the CFRP strip or groove is not well cleaned)levthe cohesion failure in the adhesive
generally occurs when a weak adhesive is used enle adhesive thickness is too small so
that the stress concentration in the adhesive layg@gnificant. These three failure modes are
not the desired failure modes as the failure ocoutbe strengthening system and thus the
strengthening efficiency would be significantly qmmomised. Indeed, these failure modes
should be avoided in the design by a proper graxe, an appropriate treatment of the
interfaces and selection of adhesives. Therefoistieg studies [4, 67] have suggested that
the preferred failure mode is cohesion failure irtha layer of the concrete near the
adhesive-to-concrete interface. With such failuede) the bond strength is governed largely
by the concrete properties but not the propertreshe adhesive-to-concrete interface or the
CFRP-to-adhesive interface, so the development désagn theory is also easier. A few
bond-slip and bond strength models have been pedpésr this failure mode and are

discussed later in this section.
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Bond-dlip models

An accurate bond-slip model for the NSM CFRP stoqzoncrete interface is crucial to an
in-depth understanding of debonding failures in NBRP-strengthened RC members, and is
necessary for developing accurate bond strengthelsddr NSM CFRP strip-to-concrete
interfaces. In addition, an accurate bond-slip magleritical to establishing accurate finite
element models of NSM FRP-strengthened RC memberzrédicting debonding processes.
Compared to bond-slip models developed for EB FRtRinlate/plate-to-concrete interfaces
[e.g. 68, 69], existing work on bond-slip models S5M FRP strip-to-concrete interfaces is
still relatively limited. Similar to EB FRP systemshe bond-slip model for NSM
FRP-to-concrete interfaces can be developed usxpgrinental approaches (i.e., direct
regression of experimental results) [e.g. 21, 83,0f numerical parametric studies [e.g. 69].
When the experimental approach is adopted, the-blymanodel may be determined from
axial strain distributions of the CFRP bar obtairmdstrain instruments [37] or from the
average bond stress versus average slip (obtamed Ibaded-end slip and free-end slip)
curve [e.g. 38]. The large scatter of test resadts result of the heterogeneity of concrete [4]
may influence the accuracy of the proposed bormesirves. In addition, the bond behaviour
on the FRP-to-adhesive interface might be intedfdrg the installation of strain gauges for
the strain measurement. By far, four bond-slip nodave been proposed by De Lorenzis
and her co-workers [38, 71-73] for NSM FRP roundska-concrete interface based on the
test results. However, these bond-slip models dabeodirectly applied to NSM CFRP
strip-to-concrete interfaces. The stress statdénaidhesive and the surrounding concrete is
relatively complicated for NSM FRP round bars tianNSM FRP strips especially when
ribbed bars/spirally wounded bars are used. For NSNRP strip-to-concrete interface, a
bond-slip model was proposed by Sena-Cruz and Brd), based on a model adopted for

steel bar-to-concrete interfaces [75]; their moalas calibrated with their tests in which the

10
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concrete was deliberately strengthened with stbedd to avoid failure in the concrete. The
bond-slip model adopted by CEB-FIP [76] for steer-to-concrete interfaces was
recommended by Borchert and Zilch and the linef#fiesing bond-slip model which has the
same form as that for EB FRP-to-concrete interfaae used by Seracino et al. [21] for NSM
CFRP strip-to-concrete interface. The validity bé tabove models is still uncertain in the
sense that they were based on previous work ohkse#o-concrete interfaces or on EB FRP
reinforcements but not directly deduced from expental tests or verified numerical
simulations. However, the proposals of these bdipdrsodels provide useful attempts and
help to some extent understand the bond behavidu6M CFRP strip-to-concrete interfaces.
More recently, using the verified 3-D meso-scalemr@del proposed by Teng et al. [67, 77],
Zhang et al. [26] conducted a parametric studyanene the bond-slip relationship on NSM
CFRP strip-to-concrete interfaces. It was foundnfrine study that: (1) the bond-slip curve
has a nonlinear ascending branch with the slop&reausly decreasing; (2) the descending
branch is also nonlinear with the magnitude ofdlope increasing first and then decreaseing
with the increase of slip; (3) the ascending anstdeding branches are smoothly connected.
Finally they proposed the bond-slip relationship.(E) for such bonded interfaces with the

currently preferred failure mode (i.e. cohesionluf@ in the concrete near the

adhesive-concrete interface), in which the concogtender strength €.) and the groove
height (h, )-to-width (w,) ratio were finally selected as the two key paramse that

influence the bond behaviour.

r= A(ZBB_ S)Zsin(g BZBB—_S) with  s<28B (1)

wherer is the bond stressg is the slip,A=0.72/°"*f ***and B =0.37y%%%f_ %%,

11
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h
y=ngs the groove height to-width ratio andl, is the cylinder compressive strength of
g

concrete.

Bond strength models

The bond strength is the ultimate tensile forcet tban be developed in the FRP
reinforcement in a pull-out test before the debngdietween FRP and concrete occurs. It has
been found in existing studies [e.g. 6, 63] thae thond strength of NSM CFRP
strip-to-concrete interface increases with whenltbed length is relatively small, but when
the bond length exceeds a threshold value, a fuimticeease in the bond strength cannot be

obtained from a further increase in the bond lengtre threshold value of bond length has

been referred to as the effective bond lendth) (e.g. 78, 79]. The fracture mechanics-based

approaches [78, 81] can well interpret the existemican effective bond length and can be
used to establish the bond strength based on a deed-slip curve [80, 81]. By now, four
bond strength models of NSM CFRP-to-concrete iata$ have been proposed for the

currently preferred failure mode. They are introshlibelow.

Seracino and co-workers’ model [7, 21, 65]
Based on their test results, Seracino and co-wsrkér21, 65] proposed a bond strength
model for cohesion failure in a thin layer of cagter near the adhesive-to-concrete interface

(referred to as debonding in Refs. [7], [21] an8]]6In this model, the bond strength, , of

NSM CFRP strip-to-concrete interface is expressed a

h +c, )~
P, =a,0858.8 y>* fC°33\/ E A Lfaj.ur{%J @

a

12
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1 for themeanvalue 3)
P 1085 for the95%lowerbound
B. = 0283% + 0196<1 (4)
f
L

IBL,S :L_b Sl (5)
L= T 0976y " E, A, (6)
°s” 20802+ 0078)\ £ L.

where the reduction factof3, accounts for the effect of edge distan@e of concrete block
on the bond strength [65]y, is the height-to-width ratio of the failure contd@21] where
the height of contour is equal to CFRP strip heijlat-1 mm and the width is equal to the
CFRP strip thicknesd,+ 2 mm; f_ is the cylinder compressive strength of concréls;

is the elastic modulus of CFRP strig); is the cross-sectional area of the CFRP strip;
Liiwe = 20 +t, +4 mm is the length of the failure contou, is the smallest distance
between the CFRP strip and the surface of the ete§¥]; reduction factor3_; accounts

for the bond length of CFRP strib, on the bond strength; antl, , is the effective bond

length.

Oehlers et al.'s model [23]
Based on the model by Seracino and co-workersZE@ehlers et al. [23] proposed a bond
strength model for NSM FRP-to-concrete bonded goiobntaining several NSM CFRP

strips:

Rj,o = ap 0'85/8e:8L,sy3025 f(:()33|-fa1'lure\/nf Ef Af + kEAC Ec'% (7)
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Keac = 045-003(M, /M) (8)
wheren is the number of NSM FRP stripg;, is the elastic modulus of concretd,, is the
cross-sectional area encompassed by the failurepla.,. is a reduction factor for axial
rigidity of concrete, M, is the applied moment at IC debonding (equal t@ Zer NSM

FRP-to-concrete bonded joint ), arld , is the moment at the initial cracking of the beam.

Zhang et al.’s model [27]
Zhang et al. [27] proposed another bond strengttiemas expressed in Eq. 9. In this model,
the effective bond length and the reduction faetmrounting for the detrimental effect of an

insufficient bond length were developed based enbibnd-slip model proposed by Zhang et

al. [26].
Pz = BiJ2G E A Craie ©)
G, = 040y%22f %19 (10)
L 166 where 2= maCuiue (11)
o 2G,E, A
B, = LLb (208-108 LLb ) whenL, <L,, and g ,=1 when,, > L, 12)

€,z ez

where L, and L., are the bond length and effective bond lengtheetsyely; G; is the

interfacial fracture energy between NSM CFRP stupd concrete; the cross-sectional

contour of the failure surfac€,,,. is equal to the sum of the three side lengths ef th
groove; and the reduction factg$ , accounts for the detrimental effect of insufficidaind

lengths on the bond strength.

Bilotta et al.’s model [20]
14
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More recently, Bilotta et al. [20] proposed a batieength model based on the regression of

test results collected by them. This bond stremgtitlel is originally expressed in terms of

maximum straing, .. in the FRP (Eq. 13).

max

£ =157 (Cuure)” (13)

0823
o

The bond strength in terms of ultimate load cars thel obtained by multiplying Eq. 13 with
E A

R TErAEna = 157(Cfailure )0'66 (Ef A )0177 (14)

Discussion on bond strength models and future resdaneeds

Among the above existing bond strength models,t@ilet al.'s model [20] appears most
inferior as it ignores the influence of both conerstrength and bond length on the bond
strength. In Oehlers et al.’s model [23], the aggbimoment at IC debonding in a beam needs

to be given first to calculate the reduction factq,., thus it is not a truly predictive model.

Furthermore, the influence of bond length on thedostrength is also not considered in this
model. Comparison between Seracino and co-workeosiel [7, 21, 65] and Zhang et al.’s
model [27], which was reported in Ref. [27] makinge of results of 51 test specimens
collected from existing studies, revealed that bhottdels provide close predictions for the
test results when the bond length of the CFRP &rgufficiently long (not smaller than the
effective bond length), but the model proposed bgpry et al. [27] performs significantly
better than Seracino and co-workers’ model [7,65],when the bond length is insufficient
(smaller than the effective bond length). This mmy because that the effective bond length
equation and the corresponding bond length reduétictor in the model proposed by Zhang

et al. [27] are both based on an accurate bondralgtionship obtained using a verified FE
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model, while the effective bond length equatiorthe model by Seracino and co-workers [7,
21, 65] is based on an assumed linear-softeningl-sbp relationship and the bond length

reduction factor is described using an assumeddifusction.

It should be noted that the edge distance andnb@vg spacing have a significant effect on
the bond strength, and their influences have nehbelly studied. In the model by Seracino
and co-workers [7, 21, 65], although a reductioctda accounting for the effect of edge
distance was included, it was based on regressionly limited test results by them [65]. In
Oehlers et al.’s model [23], although the involvetngegree of the concrete encompassed by
the failure plane could be reflected by the grospacing, the effect of the groove spacing on
the bond behavior of each FRP strip was still rmistdered. Some studies conducted by
Barros and co-workers [e.g. 82-86] on RC beamsigthened in shear with NSM FRP strips
can be referred to for considering the effect oboge spacing on the bond strength.
Considering that the failure modes of FRP strip$/N8 concrete resemble those of adhesive
anchors, Barros and co-workers develop a modelhwraetates the bond strength of NSM
FRP-concrete interface in shear-strengthened béanise so-called “semiconical fracture
surface of concrete” surrounding the NSM strip. N&M FRP strip is thought to be pulled
out when the principal tensile stress of concratettos semiconical surface exceeds the
tensile strength of concrete. The method is ablotsider the effect of groove spacing (i.e.,
the “interaction among adjacent strips” in theipg@@s) on the bond behaviour between NSM
FRP strip and concrete: when the groove spacisgnall, the semiconical fracture surfaces
of adjacent NSM FRP strips overlap with each otied thus the total efficient/envelop
fracture area becomes smaller than the direct stimmaf the semiconical fracture area of
each NSM FRP strip. While this method has the p@tketo be extended to study the effect of

groove spacing on the bond strength of bondedgainth multiple NSM FRP strips, future
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research is needed to develop a large experimelatalbase on such bonded joints for
verification/refinement of the method. It should &lso noted that most existing studies on
the bond behaviour between NSM FRP and concrete lased on ambient temperature. The
effect of elevated temperature on the bond behawasuwvell as the strengthening efficiency
of NSM FRP strips have not been clarified, whilelppninary studies have been carried out
by researchers [e.g., 87-90]. Further studiesrareefore needed to clarify the effects of edge

distance, groove spacing and elevated temperaiuradre accurate bond-strength models.

3.1.3IC interfacial debonding strength model

Vasquez and Seracino [24] directly used the borehgth mode proposed by Seracino and
co-workers [7, 21, 65] (as expressed in Eq. 2N8M CFRP strip-to-concrete bonded joint
to predict the force in the NSM FRP strip at IC deding in NSM CFRP RC beams.
Vasquez and Seracino [24] assessed this model AEqgsing results of NSM CFRP RC
beams collected from existing studies and foundl ttie prediction-to-test ratio is 0.88. This
conservative prediction is mainly because that@t®ams there usually exist more than one
major flexural cracks and the debonding force i@ BRP between two adjacent cracks is
larger than that in one-side pull out test of tleeresponding bonded joints, as has been
proved by Teng et al. [91] by using an analyticdlgon in an EB FRP-to-concrete bonded
joint. Although the above method cannot be muchicaed considering that this bond
strength on NSM CFRP strip-to-concrete interfacesegally offers a lower bound to the IC
interfacial debonding strength of RC beams (thaige a conservative prediction for design
purpose), a more accurate design model which cka tato count the influence of

multi-cracks still needs to be pursued.

It can be expected that the bond strength modegygsed by Zhang et al. [27] provides

similar prediction of IC debonding strength to thgtSeracino and co-workers [7, 21, 65], in
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the sense that in RC beams the bond length of BRBrmally larger than the effective bond
length. The difference between the bond strengtdainby Zhang et al. [27] and that by
Seracino and co-workers [7, 21, 65] may only beectéd in situations where the bond length

of NSM FRP is limited, such as in the shear striemging of RC beams.

3.2 IC Cover separation

The failure process and mechanism of IC cover sdiparis as follows: the transfer of the
tensile stress from the cracked concrete ontoehsidn steel bars after the formation of a
dominating flexural crack incurs high local interitd shear stresses near the intersection of
tension steel bars and the dominating flexurallcrBesides, as the steel bars are usually not
smooth but have some ribs on it, the relative disgrinent between steel bars and concrete
also incurs radial stresses onto the surroundingrete as shown in Fig. 5. These high local
interfacial shear stresses and radial stressesaserwith the applied load and finally induce
separation failure on the plane of the tension|sbees. Due to their different failure
mechanisms, the bond strength of NSM CFRP strigetterete interfaces cannot be used in

predicting the strength of IC cover separation BMNCFRP RC beams.

By far, although IC cover separation failure hasrbebserved in experimental tests, it has
not yet attracted enough research attention. Ti@sebeen no established strength model for
IC cover separation failure, probably becauseaiisife mechanism is relatively complicated.
As mentioned earlier, the failure happens on tihvizbotal plane of tension steel bars, and at
this failure plane, the clear concrete width is kenahan the beam width because of the
existence of the steel bars. In addition, radissstes exerted by the steel tension bars to the
surrounding concrete when the slip between theretm@nd the steel tension bar develop
have found to further weaken the critical plane, [0). An FE model taking into account the

above effects has been developed for establistiaggth models for end cover separation in
18
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EB/NSM FRP-strengthened RC beams [31] but has eiobgen extended to study IC cover

separation. Further studies are needed to devekapgsh models for IC cover separation.

4 End debonding

End debonidng failure mode also contains two spledy end interfacial debonding and end
cover separation. Similar to IC debonding, these swb-types of failure were controlled by
different failure mechanisms and should be treaegarately. Although more and more
attentions have been drawn to the development dfdetonding strength models in NSM

CFRP RC beams, the existing models have beemedstively limited.

4.1 End Interfacial Debonding

4.1.1 Failure mechanism

When the FRP-strengthened beam is under loadigh,ihterfacial shear and normal stresses
develop near the end of NSM CFRP strip as a restitte abrupt termination of the strip [e.g.
25, 29]. Due to the high interfacial stresses,ratined crack usually occurs near the end of
the NSM FRP, and another flexural-shear crack hisaglpears in the bonded region of FRP
at a certain distance (i.e. the crack spacing)hasvs in Fig. 3a. These interfacial stresses

increase with the applied load and finally induee debonding between FRP and concrete.

4.1.2 Strength models

Two strength models have been established for etedfacial debonding failure. The first
one is proposed by Hassan and Rizkalla [42] basethterfacial stresses between NSM
CFRP strip and concrete, and the other one isr@ilgi proposed by Oehlers et al. [92, 93]
for FRP-plated RC beams and modified by VasquezSerdcino [24] for NSM CFRP RC
beams. It should be noted that existing strengttetsoof end debonding for FRP-plated RC

beams are generally not applicable to NSM CFRP Béns, because some parameters in
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these models were calibrated using test result§R®-plated RC beams [94]. The two
existing strength models are introduced in detagiee followed by a discussion of these two

models.

Hassan and Rizkalla’s model [42]

For end interfacial debonding failure, Hassan amekdtla [42] proposed an approach for
predicting the strength of NSM CFRP RC beams. Basethe interfacial stress analysis of
Malek et al. [95] for EB FRP systems, Hassan andk#&ia [42] gave closed-form
expressions to predict the interfacial shear stresdetween NSM CFRP strip and concrete,
as expressed in Egs. 15 and 16 respectively fonplyssupported beam subjected to a point

load and a simply-supported beam subjected to yworgetric point loads:

Z_:t_f Ny Pay aB—ax_'_nf PYsr (15)
2| 2l 2l
Z_:t_f N Py +nf PyeffaaE—ax (16)
2 | ot | et
2G
o =—=2 17
tathf ( )

where X is the horizontal distance from the strip eng, is the thickness of the CFRP strip,

E
Ny = %ﬁ is the modulus ratio between FRP and conciets, the point load,y,, is the

distance from the strip centroid to the neutrakaithe section,a is the distance from the

strip end to the nearest suppott;, is the effective moment of inertia and is exprdsseEq.

18, € is the base of the natural algorithm, afd and t, are the shear modulus and

thickness of the adhesive respectively,
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— Mcr i _ Mcr i
Ieff _[MaJ Ig+[1 (MaJ }Icr (18)

where M, and M, are the cracking and applied moments on a beatioseespectively,

|, is the transformed gross moment of inertia in temwh concrete of the strengthened

section, andl  is the transformed moment of inertia in terms ofharete of the cracked

section.

Obviously, the interfacial stresses obtained frags.EL5 and 16 peak wher = 0, indicating
that the cut-off point is the critical location fahe initiation of debonding failure. By

introducing the Mohr-Coulomb failure criterion, therfacial stressr, ., at failure can be

max

expressed as

r o=l (19)

where f, and f, are the cylinder compressive strength and tersilength of concrete

respectively.

Substituting Eq. 19 into Eq. 15 or Eq. 16 with=0 yields the applied load at end

debonding failure of the strengthened beam.

Oehlers et al.’s model [92, 93]

Oehlers et al. [92, 93] referred to end debondaityfes with the end of the EB FRP plate
located in the shear span as the Critical Diag@natk (CDC) debonding. Based on Zhang’s
method [96] for determining the shear strength Gfleams, Oehlers et al. [92, 93] proposed

a “passive prestress model” of CDC debonding fanpdy supported beams under
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concentrated loads. In this approach, two she@efoare considered: the shear fokée,,
causing the diagonal crack (Eg. 20) and the sheamefV,, causing the sliding of the

diagonal crack (Eq. 21). CDC debonding failure gsuamed to occur when these two shear

forces become equal to each other.

bf f.n
Vorasd, = (% + hz)[—j = ;]A‘ j+ Foshys (20)
F._+P, 2
V,, = 0.4fcbh(1+ 2*’5f—b;”1j{ 1+(%] —%J £.1,f, (1)
35
f1 == (22)
Jfe
316
f, = 027(1+Wj (23)
f, :15$+ 058 (24)

0

-03
where f = 0156(f0)2’3(1—goj and f, are the the effective tensile strength and tensile

strength of concrete respectivelg, is the shear span of the beam, is the horizontal
distance between the bottom position of the diagorsek and the applied concentrated load,
h is the beam heightA, is the cross-sectional area of FRR,, is the maximum axial

force in the FRP,F is the tendon prestressing forch,is the depth of the tendon

prestressing force position, anf], f, and f, are functions of concrete strength, beam

height and tension reinforcement ratio respectively

For FRP-plated RC beams, the value Bf, can be calculated using the bond strength

model proposed by Chen and Teng [78], as recomndeogl©ehlers et al. [92, 93]. To make
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this model applicable to NSM CFRP RC beams, Vas@unek Seracino [24] recommended

that the value ofP,,, can be predicted by the bond strength model pexpby Seracino et

al. [21] for NSM CFRP strip-to-concrete interface.

4.1.3 Discussions and future research needs

Hassan and Rizkalla’ model [42] offered a valuapieneering study on end debonding
strength models in RC beams strengthened with N&HRFstrips. In this model, however,
only the longitudinal shear stress is taken intooaat to determine whether debonding
failure occurs, which to some extent lacks rigoasijuez and Seracino [24] assessed this
model and found that the model was significantipsaovative. This implies that the local
failure in the concrete layer at the end of the ERP does not mean the debonding failure
of the beam. As indicated by Vasquez and Sera@#p Dehlers et al.’s model [92, 93] may
be overly conservative, because the contributiostiofups was not taken into account. The
omission of the contribution of stirrups may beeqtable for FRP-plated RC beams but not
reasonable for NSM CFRP RC beams. This is becdasdhte debonding strain in the NSM
FRP strip is usually larger than that in EB FRRelahus a higher strain in stirrup can be
possibly developed. A comparison made by VasqudzSamacino [24] showed that Oehlers
et al.’s model [92, 93] gave an average predictemtest ratio of 0.74 for the collected

specimens.

Obviously, the existing strength models for encbrifsicial debonding are quite limited. The
interfacial stress based model [42] usually undamneges the debonding strength of the beam.
The local failure in the concrete at the end of NEMRP strip cannot be treated as the
debonding failure of the strengthened RC beamraks on the tension surface of the beam
makes interfacial stress redistribute before delmanfhilure. The prestress beam model [92,

93] ignores the contribution of the stirrups, which not reasonable in RC beams
23
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strengthened with NSM CFRP strips. In fact, thentoete tooth model”, which has been
used in the establishment of end debonidng stremgitiels in steel/FRP-plated RC beams
[e.g. 97, 98], is worth studying as the descriptadrthe failure mechanism is clear and is
similar to the observation in tests. Unfortunatélgywever, no such attempt has been carried
out in establishing strength models of end intealadebonding in RC beams strengthened

with NSM CFRP strips.

4.2 End cover separation

4.2.1 Failure mechanism

Similar to end interfacial debonding, due to higterfacial stresses developed near the end
of NSM FRP strips [e.g. 25, 29], an inclined créicgt occurs near the end of the NSM FRP,
and then another flexural-shear crack appears enbtinded region of FRP at a certain
distance (i.e. the crack spacing) as shown in 3aig.When these cracks further develop and
intersect with the steel tension bars, the conaeter between the two cracks forms a “tooth”
whose top is dragged by the NSM CFRP strip in tieas direction. The concrete near the
intersection of the tension steel bar and the nedicrack near the end of the NSM FRP
(Point A'in Fig. 3b) is subjected to a combineckeffof the following aspects: (1) the tensile
stress induced by the bending moment as a restlieadirag force on the top of the “tooth”;
(2) the shear stress induced by the drag forcdaenap of the “tooth”; (3) the clear concrete
width is smaller than the beam due to the existehtee steel bars; and (4) more importantly,
radial stresses (as shown in Fig. 5) may be gesteray the steel tension bars onto the
surrounding concrete when slips between the camast the steel occur. Therefore, the
plane of the tension steel bars becomes the drifleame and a major crack forms on this
plane when the tensile and shear stress on thie pt&ches a critical level. This major crack
travels along the steel bar from the end of the NSIMRP strip to mid-span of the beam as

the applied load goes up, as shown in Fig. 3b.
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4.2.2 Strength models

By far, two strength models of end cover separatiave been respectively proposed by De
Lorenzis and Nanni [99] and Al-Mahmoud et al. [8f NSM round FRP bar-strengthened
RC beams, based on the “concrete tooth” concepthioh, the concrete cover between two
adjacent cracks was treated as a concrete toothilés@r) under the horizontal shear force
exerted by the attached FRP. These two models earaléo applied to NSM FRP
strip-strengthened RC beams with proper modificetioMore recently, Teng et al. [28]
developed a strength model for end cover separatiddSM FRP strip-strengthened RC
beams, also based on the “concrete tooth” contégise three strength models are described

here followed by a discussion of their performance.

De Lorenzis and Nanni’'s model [99]

De Lorenzis and Nanni [99] extended the strengthlehproposed by Zhang et al. [97] and
Raoof and Zhang [100] to calculate the strengtRGfbeams strengthened with NSM round
FRP barsat end cover separation. This model was the fittgtmat to expose end cover
separation strength model for NSM FRP-strength&@deams and is based on the concept

of the concept of “concrete tooth”. By assumingnaadr elastic behaviour, the normal stress
O, atthe tension corner near the root of the condoetth (i.e. Point A in Fig. 3b which is

near the intersection of the tension steel barthadnclined crack near the end of the NSM

FRP) could be calculated as

_M, (1
7, [zj (&)

where M, =m7,|h" is the bending moment at the root of the concieeh, |, :blZ2

is the sectional moment of inertia of the concretath, | is the minimum crack spacing

h'is the vertical distance from the root of the
25
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concrete tooth to the centroid of NSM FRP, is the beam widthd, and n are the

diameter and number of the FRP round bars respdgtiand 7 is the shear bond stress

between NSM FRP bar and concrete. By assumingdhate of the beam occurs when the

stress 0, is equal to the tensile strength of concrdie the shear bond stress,,. at

failure can be expressed as

N -
failure 6h nmb

(26)

The shear stress should be equilibrated by thed@®&dP stress. At the critical section (such as
the section corresponding to the loading pointkg tritical FRP axial stress can be

calculated as

4'Tfailurel-p
= 27
i, (27)

Jfailure -

whereL  is the effective length of the NSM FRP bar in 8feear span within which the
interfacial stress is assumed to be uniformly disted. The value ofL, was determined by

these authors to be the smaller onelgf and L ,, where L, is the length of the NSM

p2’

FRP bar in the shear span and, is the equivalent length given by

1862, -127 . +2436 if 1, <50mm
p2 = : (28)
736 if [ in > 50mMm
where the minimum crack spacirlg,, can be calculated as
f

Imin =
usZos +uf Zof
where A, is the area of concrete in tension and is assumed product of the beam width

and twice of the distance from the centroid of Isteasion bars to the soffit of the beam,
f, =036/ f, is the tensile strength of concretd,, is the cube compressive strength of
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concrete, ZOS is the total perimeter of the steel tension baZst is the total perimeter of

the NSM FRP round barg), = 028/ f,, is the average local bond strength between steel
bars and concrete, andl, is the average bond strength between NSM FRP barsancrete

and was recommended by De Lorenzis and Nanni (§B¢tthe local bond strength.

In order to apply the above model to NSM CFRP Ré@nie the following modifications

need to be made: (1) the bending momeénj, at the root of the concrete tooth should be
calculated based on the geometry of NSM CFRP st(#)sthe effective lengthL ; should

be recalibrated using test results of NSM CFRPp-stiiengthened RC beams ; and (3) the

average bond strength between NSM FRP bars andetene, should be calibrated using

bond strength model of NSM CFRP strip-to-concreterface.

Al-Mahmoud et al.’s model [9]
The model proposed by Al-Mahmoud et al. [9] is gusimilar to that proposed by De
Lorenzis and Nanni [99]. In this model, the bendmmgment M , at the root of the concrete
tooth is related to the FRP axial stress at thtechkaicked section (if the FRP is terminated on
the right) as

M,=0,Ah (30)
The axial stresses in the FRP at the left cracketion can therefore be calculated as

_M, _ b
" Ah 6Ad,

(31)

o, can also be expressed in terms of the bending morivgn of the strengthened beam at

the left cracked section as
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o, :nf[dfl_y"JMl (32)

With the assumption that the end cover separatampéns as the tensile stress in the concrete
at the tension corner near the root of the condaaith (i.e. Point A in Fig. 3b), combining
Egs. 31 and 32 gives the following equation forcakdting the bending moment of the

strengthened beam at the left cracked sectionkettrang failure:

2
f.1_bl (33)

" 6n,Ad,(d, - o)

Where |, is the transformed moment of inertia in terms afiaete of the cracked section,

d, is the vertical distance from the centroid of th&NN FRP to the top surface (in

compression) of the beam, arny} is the vertical distance from the neutral axistioé

cracked section to the top surface of the beam.

Teng et al.’s model [28]

The model developed by Teng et al. [28] to pretiietend cover separation strength of NSM
CFRP RC beams is based on the following idea:afRRP strain on the left crack section
(Point B in Fig. 6) at end cover separation failiseknown, the bending moment on the
corresponding section can be obtained through oseanalysis, and the ultimate load can
then be easily calculated by dividing the bendirggmant by the horizontal distance from the
left crack section to the nearest support. To obthaé strain in the FRP at the left cracked
section at failure (Point B in Fig. 6), the sim@d FE model proposed by Zhang and Teng
[32] was adopted in Teng et al. [28]. In this FEd®lp the part of the RC beam between the
two cracks near the FRP end was isolated from #@mb(Fig. 6), the bending moments
acting on the two cracked sections was realizesutiir the external loads as shown in Fig. 6,

and the plane section assumption was achieved asiigd plate attached to each cracked
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section. Furthermore, the radial stresses exegtedebtension steel bars onto the surrounding
concrete were modelled using a proposed cohesaraegit-pair (CEP). The plane section
assumption may not be exactly valid here, but it senplify the FE model and may not

introduce substantial errors. An equation for tiRPPFstrain at the left cracked section at end
cover separation failure was then developed thrabghregression of results of a numerical

parametric study using the abovementioned simgIfiE model:

Egp =10"% BB BB e (34)
B = ? - g0 (35)

B = AfElf (36)

B {%@a} @)

where B is a factor accounting for the combined effectSf (crack spacing, imm) and

C; (distance from the centroid of steel bars to #faFRP reinforcements, imm) on the
failure strain; B,. is a factor accounting for the effect of axiaffeiss of FRP stripA; E;

(A in m? and E ; in GPa); and £, is a factor accounting for the effect of ratio
between the clear concrete widlh,, (in mm) and the sum of steel tension bar diameters

D, (in mm). The cylinder compressive strength of concrelg is given inMPa.

The value of the cracking spacing influences thd [SRain at the left cracked section at

failure and the distance from the left crackediseacto the nearest support. In Teng et al.’s

model [28], the adopted model for minimum crackcipg s™ is also the one proposed by

Zhang et al. [97], as expressed in Eq. 29 with= 028,/ f,, . According to Zhang et al. [97],
29
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the possible crack spacing value should be inghge from s™ to 25 .

4.2.3 Discussions and future research needs
As De Lorenzis and Nanni’'s model [99] was origigafiroposed for NSM FRP round
bar-strengthened RC beams, modifications shoulchdde first to satisfy the geometric and

mechanical properties of NSM CFRP strips. By noowéver, the effective lengti., and
the average bond strengin have not been calibrated by the authors or othsgarchers

using test results of NSM FRP strip-strengthenedbi@@ms, thus it cannot yet be used for
predicting the cover separation strength in suchiPERengthened RC beams. Both De
Lorenzis and Nanni’'s model [99] and Al-Mahmoud ketsamodel [9] only took account for
the tensile stress induced by the bending momeatrasult of the drag force on the top of
the “tooth” but not the shear stress induced atstrae time. Furthermore, the weakness of
the beam by the tension steel bars and the ranledses were not considered in these two
strength models. Teng et al.’s model [28] was basedesults of the parametric study using
an FE model which reflected all the above mentianéidencing factors. The performance of
Teng et al.’s model [28], however, is significantifluenced by the accuracy of the model of

crack spacing which is usually in a range frasfi” to 2s™ . Teng et al. [28] compared the

predictions of their model with collected test dpens, with the crack spacing being the

minimum stabilized values™™ , the maximum stabilized valugs™, and an intermediate

C

value 159" respectively to examine the effect of crack spacitgwas found that the

predictions of Teng et al.'s model [28] with craskacings of158™ and 2s" led to

average prediction-to-test ratios of 1.10 and IrdSpectively; their standard deviations
(STDs) were 0.119 and 0.172 and their coefficiéntamiations (CoVs) were 0.108 and 0.147

respectively. These statistics were much betten ffradictions of Teng et al.’s model [28]

obtained with a crack spacing &f"™ whose average prediction-to-test ratio, STD anyf Co
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are 0.863, 0.155 and 0.180 respectively. Neverssetbe model by Teng et al. [28] with any
of the above three values of crack spacing offenedh closer predictions to the test results
than the model Al-Mahmoud et al. [9], the predintaf which were un-conservative, with

the average prediction-to-test ratio, STD and CeWidp 1.90, 1.34 and 0.702 respectively.

4.3 Anchorage Measures for Preventing End Debonding

In design, if debonding cannot be eliminated, |I@ateling is preferable to end debonding
because the latter usually happens in a brittlen@awithout any noticeable early warning.
By now, metallic and non-metallic anchorage measuhave been investigated in
experimental tests for preventing/mitigating endaleding in RC beams strengthened in
flexure with an EB FRP/steel plate. The metallicterage measures, in the form of steel
bolts, steel clamps or steel U-jackets, were iiytiaroposed for preventing end debonding in
steel-plated RC beams [e.g. 101, 102]. The metalichorage measures, however, suffer
from the following two disadvantages: the diffiqutif installation and the poor resistance to
corrosion. Therefore, non-metallic anchorage measuysuch as FRP-based anchorage
measures) are more attractive than metallic angeoraeasures in FRP-strengthened RC
beams for preventing end debonding. A number adistuhave been conducted to explore
the effectiveness of FRP U-jackets in preventinggaiing end debonding failure in
FRP-plated RC beams [e.g. 103-108], while the studin the use of FRP U-jackets as
anchorage measures for NSM FRP bars in NSM FRRgitrened RC beams have been
rather limited. These limited existing studies, leoer, have revealed that FRP U-jackets are
quite effective in both postponing the end debogdihthe beam and enhancing the ductility
of the beam [50, 57, 109]. Before a reliable andnemical design procedure for FRP
U-jackets can be established for confident use rnactiwe, future research should be

conducted to address the following issues: (1) necqeerimental studies on the use of FRP
31



738

739

740

741

742

743

744

745

746

747

748

749

750

751

752

753

754

755

756

757

758

759

760

U-jackets as the end anchorage measure of NSM EiRRmcement should be conducted to
provide a larger database; (2) the effect of thdeanf FRP U-jackets inclined with respect to
the beam axis on the effectiveness of preventirydabonding in NSM FRP-strengthened
RC beams needs to be clarified; (3) the effect emmination position of NSM FRP

reinforcement (resulting in different section moraghear force combination at the FRP end)
on the performance of FRP U-jackets in preventintigating end debonding failure in NSM

FRP-strengthened RC beams needs to be studiedZdpneliable FE approaches need to be

established for a reliable design procedure for ERRckets as end anchorage measures.

5 Concluding remarks

This paper has presented a critical review of thstiag knowledge on NSM CFRP strips for
flexural strengthening of RC beams. This review besn focused on the debonding failure
modes in such FRP-strengthened RC beams, the mswetsabehind, and the corresponding

strength models. The following conclusions can laelenfrom the review:

1) The NSM FRP strengthening method is much moreieffichan the EB FRP method in
the flexural strengthening of RC beams, and NSM EBRips are superior to NSM FRP
bars of other sectional forms (such as round bads sgquare bars) due to a larger
perimeter-to-sectional-area-ratio of the former;

2) The desired debonding failure mode at the NSM FiREenhcrete interface is the
cohesion failure in a thin layer of concrete ndwr adhesive-to-concrete interface. This
failure model can be achieved if the surfaces ofcoete and CFRP are appropriately

treated and a proper adhesive is used;
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3) Several local bond-slip models and bond strengtdetsohave been proposed for NSM
CFRP strips-to-concrete interfaces. Some of themncav provide accurate predictions
for single NSM FRP strip-to-concrete joints witHfguent concrete edge distances;

4) A number of experimental studies have been conduote NSM CFRP RC beams,
which have led to the identification of four deboryl failure modes. Concrete cover
separation has been found to be more often tharfactal debonding in NSM CFRP RC

beams.

The review presented in this paper also suggeatshih existing research is still very limited

and the major gaps which need to be addressedimeftesearch include:

1) There is a lack of experimental tests with sopted&d instrumentation which is
necessary to thoroughly demonstrate the validigyetkisting bond-slip models for NSM
CFRP strip-to-concrete bonded joints;

2) There is a lack of understanding on the effecthef ¢oncrete edge distance, the groove
spacing and elevated temperature on the bond bmirasi NSM FRP-to-concrete joints;

3) Most experimental studies were focused on simpfypsted RC beams where NSM
FRP reinforcement was applied in a sagging momegibn, while little research has
been carried out on the use of NSM FRP reinforcénmenogging moment regions (e.g.
in RC frames). In the latter case, future reseascmeeded to clarify the possible
difference in the strengthening mechanism, esggdialterms of the anchorage failure
of the NSM reinforcement;

4) Only a limited number of strength models were pegabfor IC interfacial debonding,
end interfacial debonding and end cover separatdéSM CFRP RC beams, while no

strength model has been established for IC covparagon. Most existing strength
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786 models for NSM CFRP RC beams are preliminary irurgaand have been based on

787 limited understanding of failure mechanisms. Altbbureng et al.’'s model [28] for end
788 cover separation, proposed based on a comprehensiveerical parametric study,
789 captures the failure mechanism of such failure mtgeaccuracy of this model needs to
790 be further verified with more test data;

791 5) Using U-shaped FRP jackets for end anchorage of NGJNRP strips was shown to

792 enhance the strengthening efficiency. Howevereffect has not been quantitatively
793 investigated and no design method is available now.
794
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Fig. 4. Test setup of NSM FRP bonded joints
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