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Abstract

The allowable strain in fibre reinforced polymeesnforcement is limited by design codes to
avoid debonding. The near-surface mounted (NSMifoetement technique has been proven to
produce better anchorage behaviour compared tanete bonded reinforcement solutions.
However, NSM solutions do not always eliminate debog issues, with concrete cover
detachment (CCD) typically occurring in RC beamsrggthened for flexure. This experimental
study investigated the efficiency of side mount8fidompared to bottom mounted (B) NSM bars
to prevent CCD. The experimental results were caoattdo models available in the literature that
predict the observed failure modes and the craakisg in the NSM anchorage zone. Compared
to B-NSM, the S-NSM solution was successful in dimj brittle CCD failure and showed
increased rotational capacity and energy dissipadiofailure. Existing CCD debonding models

were found to be conservative.

Keywords: debonding; concrete cover detachment; crack spgacnon-contact optical

measurements; strain analysis; CFRP; NSM
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1. Introduction
Repair and strengthening with fibre-reinforced potys (FRPs) is a well-established
rehabilitation method in the construction industwith numerous design guidelines available

worldwide (e.g. ACI 440.2R [1], CSA S806 [2], CNRFROOR1 [3], Fib Bulletin 14 [4], [5]) and

others soon to be introduced, such_as [6].

Flexurally-designed reinforced concrete (RC) beaarsfail because of yielding of the tension
reinforcement, concrete crushing, or shear flexufewo of the most common flexural
strengthening methods are externally bonded reiefoent (EBR) and near-surface mounted
reinforcement (NSM). In both cases, the FRP readorent is bonded to the tension side of the
element. With the EBR technique, fabrics or lanesatare adhesively bonded directly to the
concrete surface whereas, with the NSM technigRe®, Bars or lamella are inserted into grooves
cut in the element’s concrete cover. When RC memhbes strengthened with FRP, additional
failure modes are possible, namely: (a) concreteercdetachment (CCD), (b) end interfacial
debonding, or (c) intermediate crack debonding (ICI). Sudden debonding failure modes were
observed in experimental investigations when EBRengtthening was used [8, 9]. This
phenomenon usually happens before reaching théeteiength of the fibres, thus hindering the
utilisation of the FRP to the maximum capacity.

The NSM technique was, to the authors’ knowledgest fapplied in the mid 90-ties for
strengthening of a RC cable stayed bridge in Udéieev@weden. Considerable research on NSM
strengthening solutions [8-19] has since beenezout. Compared to EBR, the NSM technique
provides increased interfacial stress capacitydB-due to a larger bond surface and confinement
provided by the surrounding concrete [9, 19]. Althb the FRP utilisation is increased,
debonding failure modes are not avoided.

Current design codes provide special requiremergarding CCD. For example, ACI 440.2R

[1] specifies that transversal anchors should beiged at the FRP bar cut-off section if the shear

force in the section is more than 67% of the slsti@ngth of the concrete section. Similarly,
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CNR-DT200R1 [3] recommends the use of anchorag&eégwsuch as FRP U-wraps [20] or NSM

strips [21]. However, for use in practice, the parfance of such solutions needs to be
determined experimentally.

In bottom mounted NSM (B-NSM) strengthened bean@DGs likely to occur if the NSM is
terminated at a distancdl] from the support. For example, CCD was reporteddlatively large
cut-off lengths 41=200mm) [11, 13] but also for small cut-off leng(t=50 mm) [12].

To the authors’ knowledge, only one study was edrout on RC beams strengthened with

side mounted NSM (S-NSM), reported_in Hosen ef2&l] and_Shukri et al. [23], and showed that

the S-NSM technique is effective for strengtherfR@ beams in flexure, in terms of serviceability
and ultimate load. The beams were strengthenedstet! and carbon FRP (CFRP) rods of 8, 10,
and 12 mm diameter. The S-NSM technique producsidrdficant increase in flexural capacity
and cracking load with respect to the referencense&lowever, beams strengthened with 12 mm

diameter steel and CFRP bars failed due to concrter detachment. Shukri et al. [23] further

investigated the influence of existing cracks om performance of CFRP strengthened beams. It
was found that pre-cracking slightly decreasedo®ms’ ultimate strength and increased beams’
rigidity, however, failure modes remained unchanged

Often, access to the soffit of RC beams in neestrehgthening is limited. Examples of such
cases are: a) beams part of a road crossing bixidesams part of a building’s structure directly
above industrial equipment; and c) beams or sp&ndreated by cutout openings in RC walls. In
such cases, when: a) the road is to remain opernhé)industrial equipment is to remain
operational; and c) strengthening of the beam s&rel@ before cutting out the opening; the [more
usual] B-NSM technique becomes problematic to apply the S-NSM technique could be used
in instead.

Despite the above-mentioned advantages of S-NSM BJ¥WSM, the efficiency of S-NSM
can be limited by the shorter lever arm in comperito the B-NSM technique and the limited

amount of additional reinforcement that can be pled to the sides of the beams. However,
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currently no direct comparison has been reportdtinvithe available literature. Moreover, the
bond behaviour of S-NSM strengthen RC beams iselgrgnexplored, and, as suggested in

Shukri et al. [23], investigations are requiredetaluate the effect the bonded length on the

effectiveness of the S-NSM technique.

The experimental study, presented in this papeesiigated the efficiency of the S-NSM
technique compared to B-NSM, with varied bondedjtles, in terms of ultimate capacity, crack
distribution, stiffness, and failure modes. In teisidy, a 3D optical deformation measurement
system Aramis 5M_[24], that utilises the digitalage correlation (DIC) technique, was used to
measure deformations and identify cracks in the N&Mhorage area. The experimentally
obtained crack spacing was compared to predicugigg existing analytical formulas, and was
used to evaluate the performance of existing delbgndodels.

2. Experimental programme

The experimental programme consisted of seven Rfthbeeach with a length of 4000 mm
and a 200 x 300 mm rectangular cross section (BigOne beam was tested as a reference
specimen; the other six beams were strengthenany wfferent FRP configurations. The
longitudinal reinforcement consisted of two 16 mrandeter deformed steel bars, which were
placed at both the top and bottom part of the ceesgion, see Fig. 1. Shear reinforcement
consisted of steel stirrups made of deformed dbeet with a nominal diameter of 10 mm,
uniformly spaced at 75 mm.

The primary test variable was the placement of NGMNSM vs B-NSM). In all cases, two
CFRP bars were used to strengthen the specimernmotace a CCD, the CFRP bars ended at a
distancedl from the beam’s support.

B-NSM beams are denoted B300, B250 and B200 whactesponds to cut-off lengthgllj
300, 250 and 200 mm, respectively. S-NSM beamsdarmted S300, S250 and S200 which
corresponds to values df 300, 250 and 200 mm, respectivef}y.was varied only at one end,

north (see Fig. 1), to facilitate CCD failure omyone end, thus making it possible to monitor the
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area expected to fail. At the other end of the haaenCFRP bars were extended over the support
up to the beam’s end.

The NSM groove size was 1.5 times the bar’s sizeper ACI 440.2R [1]. For B-NSM

strengthened beams, the distance between grooge8Fimm) was larger than twice the depth of
the groove (i.e. 30 mm). The clear edge distance Iamm for all strengthened beams, which

was smaller than recommended by ACI 440.2R [1]. &lmv, this was chosen to minimise the

difference in effective depth between the B-NSM 8ANSM strengthened beams.

2.1 Material properties

The concrete compressive strength was determinach fsix cubes with standard sizes
according to the procedure described _in [25]. Therage cube compressive strendth) (vas
62.6 MPa equivalent to 50 MPa concrete cylinder m@ssion strengthf, according to EC 2
[6]. The average yielding strengtfy)(and yielding straing() of the longitudinal reinforcement

were 578 MPa, and 2.79%o, respectively, determiredraling to SS-EN 1SO 6892-1 [26].

Rectangular (10 x 10 mm) CFRP bars (StoFRP Bar (MC) and epoxy-based adhesive
(StoPox SK 41) were used. The CFRP bars had 33080 mMékinal tensile strength and 210 GPa
modulus of elasticity. The adhesive had 12 MParshgangth and 2GPa modulus of elasticity.

CFRP and adhesive material properties were takesr@iag to the manufacturer’s specifications.

2.2 Test set-up and instrumentation

The beams were loaded in a four-point bending pgsee Fig. 1) with a spdp of 3600 mm,
using displacement control at a loading rate of @i®/min up to failure. LoadR), midspan
deflection §), steel strain &), and CFRP strained were measured during the loading. Two
displacement transducers were used to mo#jtone at each lateral side of the beam. The strains
in the flexural steel and CFRP reinforcement wezeorded with strain gauges placed at the
midspan, one on each reinforcement bar.

DIC was used to measure full field deformations mlhtify cracks in the anchorage zone on

the north side of the beam. DIC is a technique tisats digital camera images to measure shape
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and displacement, and requires a contrast pattefretable to determine the displacement of
subsets of the analysed images from the initialetordhed stage to the subsequent deformed
stages [27]. The images were acquired with two camaving 2448 x 2050 pixel resolution and

equipped with 12 mm focal length lenses.

The positioning of the two cameras relative tortileasured surface and to each other is shown
in Fig. 2. The cameras were mounted on a rigidstrarsat a 25° angle and spaced 600 mm apart.
The crossbar was placed on a tripod positionednoetee from the measured surface. For the S-
NSM beams, the cameras were placed next to the,Eapendicular to the monitored area while
for B-NSM beams, the cameras were placed belowiabe of the soffit of the tested beams.
They were not placed directly under the beam, toidadamage when the beam failed. This
resulted in a 60° angle between the direction efdhmeras and the measured surface. Images
were acquired at a rate of one a second, and fliedpoad was recorded for each set of images.
3. Test results

The overall behaviour of the tested specimens waasored in terms of load-deflection
response, failure mode, steel and CFRP reinforcemesponse, and bending stiffness. In
addition, CCD of the NSM was investigated throughsteain analysis by means of DIC
measurements. Table 1 shows a summary of theewasts for all specimens.

To compare the performance of B-NSM and S-NSM gtiening, the following load levels
were identified from experimental tests and arenshin Table 1: (1) first craclk, (2) steel
yielding load, Py, and (3) ultimate loadP,, for which the corresponding deflectiof, and
maximum strain in the CFRP batg, are indicated. It should be noted tRat was determined
based on slope changes in tAe) responses an®, was determined based on strain gauge
measurements. Table 1 also shows the energy dissipat failure,Ey, computed as the area
under theP-¢ graph for each beam, and the bending stiffneshkebtam before the yielding of
the steel reinforcememd, computed as the slope of tRe) curve between the crackinB.f) and

yielding (Py) loads, respectively.
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3.1 Reference beam
A typical trilinear response was observed for th&enence beam from which the concrete
cracking, and steel yielding points could be ideedi(see Fig. 3). The beam failed by yielding of

the bottom steel reinforcement followed by concreteshing of the top of the cross section.

3.2 Beams strengthened with B-NSM

Compared to the reference beam, the B-NSM strengthdoeams exhibited a significant
increase in the yielding load (117 — 128% increas®) ultimate load (122 — 136% increase), see
Table 1. Fig. 3 shows tHe-0 response of B-NSM strengthened beams comparduteeterence
beam. Up td>,, the stiffness of B-NSM strengthened beams wattickd to that of the reference.
BetweenP., andPy, the stiffness of the strengthened beams was#&@®s-higher. AftelPy, theP-

0 became nonlinear, with the bending stiffness stal@creasing up to failure (Fig. 3).

Thinner flexural cracks were observed comparetieaéference beam. However, due to stress
concentrations, inclined cracks appeared from tB#MNut-off point. The cracks continued to
open until the concrete cover was detached togetiterthe CFRP bars (see Fig. 4). Failure
occurred by CCD at the level of the steel reinforeat starting from the CFRP bars’ cut-off
point, on the northern side, see Fig. 4. The olagienv was identical for all B-NSM beams,
regardless of their cut-off length. A slight incseain the maximum load was observed with a
decrease ofll (see Table 1). The energy dissipation at failuas Wl — 73% higher than that of

the reference beam. The maximum strain in the Cltd&® was between 45% and 47%;@f

3.3 Beams strengthened with S-NSM

Compared to the reference beam, S-NSM strengthieeachs exhibited a significant increase
in the yielding load (83 — 98% increase) and ultani@ad (122 — 127% increase), see Table 1.
Fig. 5 shows the load-deflectio®f) response of S-NSM beams compared to the reference
beam. The cracking loa#,,, of specimen S300 was not recorded. Due to a maifan in the
data acquisition system, the test was stopped laa@ level of 85 kN. The beam was then

unloaded and reloaded, thus the initial part of thgponse differs to the other strengthened
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beams. Up toP., the stiffness of S-NSM strengthened beams wastid to that of the
reference. Betweel., andPy, the stiffness of the strengthened beams was#3&-higher. After

Py, the bending stiffness decreased up to failurduféaoccurred due to concrete crushing at the
top side of the beam, close to the south load egjmbn point (as shown in Fig. 6). ICD of the
CFRP bars occurred only after the maximum load regashed, while the compressed concrete
was still crushing. This debonding started at autal-shear crack with approximately 45°
inclination. The debonding process ended when #RFCslipped within the concrete groove (see
Fig. 6). This behaviour was identical for all S-NSlengthened beams. The maximum strain in
the CFRP bars was between 51% and 54% of ¢heas shown in Table 1.

4, Perfor mance comparison between B-NSM and S-NSM

4.1 Loads and failure mode

Fig. 7 shows the comparison of the load-deflectr@sponse of B-NSM and S-NSM
strengthened beams having the sathdn general, compared to S-NSM beams, B-NSM beams
showed higher cracking loads (13%), bending st#n€l4%) and yielding loads (23%). These
differences are due to the location of the CFRR,lspecifically the larger effective depth for B-
NSM beams compared to S-NSM beams.

B-NSM strengthened beams exhibited a brittle CCEhatnorth anchorage side, whereas the
S-NSM strengthened beams showed a more ductileddily concrete crushing followed by ICD
at the south end of the beam. The reason S-NSM dehdhnot fail by CCD at the north
anchorage side can be attributed to the locatioth®fCFRP bars relative to the flexural steel
reinforcement (see Fig. 8). The concrete between dfieel reinforcement and the NSM is
subjected to tensile and shear stresses inducéebiprce transferred from the NSM to the end
anchorage zone) [28]. Tensile stresses result from the momeépt= F; - [, see Fig. 8. The
distancd. is defined as the distance between the NSM angddksible failure plane. For B-NSM,
the failure plane is located at the lower levelttad flexural steel reinforcement, whereas for S-

NSM, a possible failure plane is located aboveleliel of the internal reinforcement (see Fig. 8);
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this aspect is further discussed in Section 4.2h8 Bnchorage crack pattern. For B-NSM,
promotes CCD, whereas for S-NSM,leads to considerably lower tensile stresses. iMoisld
suggest that CCD is not likely to occur in S-NSkésgthened beams. However, the experiments
reported in [22, 23] prove the opposite.

While similar ultimate loads were obtained for BMM%nd S-NSM strengthened beams with
the samedl, the deflection at failure was 31 — 46% higher &NSM strengthened beams.
Comparing energy dissipation at failure, beams S3$280 and S200 had 125%, 77%, and 62%
higherEg than beams B300, B250, B200, respectively. ThulSB1 strengthened beams have a
higher bending stiffness overall while S-NSM stittieged beams have a higher ductility and

rotational capacity.

4.2  Strain analysis
4.2.1 Load-strain response

Compared to B-NSM beams, S-NSM beams’ steel andRCiforcement strains (Fig. 9s
and Fig. 9b, respectively) were initially slightiygher and lower, respectively. This is expected
due the difference between the effective deptthefGFRP reinforcement for the two systems.
After Py however, the CFRP strain for S-NSM beams was hidgfa@ beam S200, the steel strain
gauges malfunctioned at approximately 125 kN agdbad.

The maximum CFRP strain in the S-NSM beams was 18% higher compared to B-NSM
beams. Thus, the CFRP reinforcement had a higliesation ratio (0.50 to 0.54y,) in the S-
NSM beam configuration compared to the B-NSM beanfiguration (0.43 to 0.46&y).

4.2.2 End anchorage longitudinal crack spacing

The distribution of major principal strains in thnitored areas preceding failure is shown in
Fig. 10. For B-NSM beams, only the soffit of theabewas monitored while for S-NSM beams,
only the side of the beam was monitored. Accordinthe coordinate system shown in Fig. 2, the
strain maps in Fig. 10 are given relative to thenpbxy andxz for B-NSM and S-NSM beams,

respectively. In all cases, represents the longitudinal axis of the beam w#ho being the
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location of the north support. Axisrepresents the thickness of the beams, with zemgkthe
side of the beam. Axigrepresents the height of the beam, with zero biiegoffit of the beam.

It should be noted that the strains shown in Fj.gleatly exceed the realistic tensile strains
expected in the concrete. However, the presentathstistribution is useful for evaluating crack
initiations, paths, distribution and spacing. Tlals representation of deformation in this case
was chosen such that red areas indicate fully fdrioacks. For both B-NSM and S-NSM
strengthened beams, crack spacing was measutsel ladttom face of the beam.

The minimum distance between two consecutive créaksminimum crack spacing) observed
for B-NSM beams was approximately 50 — 60 mm. Thaximum distances between two
consecutive cracks (i.e. the maximum crack spa@h@0, 100, and 110 mm were observed for
B300, B250 and B200, respectively, closest to tteoff point. The maximum crack spacing in
this case was observed to be approximately twieentinimum spacing. Moreover, Fig. 10
indicates that the cut-off length possibly influences the crack spacing, a paranceteently not
accounted for by existing equations for predictnack spacing in B-NSM beams [29-31].

Larger crack spacing was observed for S-NSM thaB#ISRM beams, being 185, 180 and
170 mm for S300, S250 and S200, respectively. Shgests that the location of the NSM
(bottom or side) influences the stress distributiorthe anchorage zone and consequently the
crack patterns.

4.2.3 End anchorage crack pattern

In S-NSM strengthened beams, horizontal cracks wiserved above the NSM (see Fig. 10),
also above the flexural steel reinforcement (see &). Cracks start as flexural-shear cracks and
propagate towards the cut-off point, indicative @ED. This differs from previous reported
observations for S-NSM strengthened beams [22BaNEM strengthened beams [11-13], where
the CCD was initiated as a vertical crack at th&E[Eut-off point, propagating below the level of

the flexural steel reinforcement towards the midddfléhe beam.

10
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In S-NSM beams, the possible debonding plane wastdd above the flexural steel
reinforcement (see Fig. 8) and, assuming it projesgas the same level over the thickness of the
beam (as in the case of B-NSM [11-13]), the shesxfarcement intersected by the failure plane
prevented CCD. Therefore, in the tested S-NSM gthemed beams, the failure plane was not
fully established.

5. Comparison of experimental and analytical results

The simplified analytical model proposed by An kf{32] for rectangular beams was used to
calculate sectional stresses and deformations.nidael is based on the following assumptions:
(1) linear strain distribution through the full dbepof the beam; (2) small deformations; (3) the
concrete does not carry tensile stresses aftekioggd4) shear deformations are not considered
and (5) there is a perfect bond between the intestea| reinforcement and concrete, and NSM
and the concrete. The stress-strain relationshipCleRP reinforcement is linear elastic. The
stress-strain relationship for internal steel micément is assumed elastic-perfectly plastic.
Hognestad’'s [33] parabola of an idealised strassmsstcurve was used for concrete in
compression.

The strain and stresses in the FRP bars and stagbncement, as well as curvature at
midspan, were calculated using an incremental deftion technique, in which the strain in the
extreme concrete fibre is increased from 0 to 3@0@pnsidered the ultimate useful concrete
strain. The strain in the steel and FRP reinforcemeas calculated for each increment from a
cross sectional analysis to satisfy the force dajuiim and deformation compatibility conditions.
The moment and curvature were computed using thmentcurvature relationship, starting from
the strain in the extreme concrete fibre. Finalthe load-deflection response was derived. An
automated calculation procedure was developedrny cat the calculations. A good agreement
can be seen in terms of applied load-midspan dispient between the model and the

experimental tests (Fig. 11).

11
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The bond between internal and NSM reinforcementamtrete was not modelled explicitly.

Instead, for CCD, the models proposed by Al-Mahmeudl. [28] and Teng et al. [34] were used

to predict the failure load of strengthened speasnéccording to a recent assessment of current
guidelines [1-3], current formulations for NSM irfeecial debonding provide conservative results

with limited accuracy [35]. Instead, in this stutlye model proposed by Mohamed Ali et al. [36]

was used to predict the interfacial debonding faiload.

5.1 Interfacial debonding model

Mohamed Ali et al. [36] proposed two models for thebonding of NSM, using linear and
bilinear interfacial bond characteristics, respegyi. Both models were shown to have good
accuracy compared to experimental data obtained frall-out tests, especially for predicting the
debonding load_[36]. The simplified linear modelailosed-form solution, applicable to ICD.

The maximum interfacial shear stress and slip btaioed from:

7, = 0.54/Foh%*b03 L)
f0.27
5 = 0.78(;0_3) ?)
g

wheref. is the concrete compressive strendthandb; are the height and width of the FRP
reinforcement, respectively, abglis the groove size.

For cases where the anchorage length is longer ttmareffective bond length, the NSM
debonding strength is:

L
Figp = Ul 3)

whereL,,, is the total perimeter of the FRP-concrete intsfat the end of, and1 is a

constant:

= /M
/1 - 5fEfAf (4)
where E; and A are the Young modulus and the total cross sedtianea of the FRP
reinforcement, respectively.

The FRP strain associatedR{> can be determined as:

12
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SICD — Fégl? (5)
f AfEf

The moment in the cracked sectitf(x..) where debonding is initiated can be determined

from the cross section analysis starting frs}ﬁ?.

5.2 Concrete cover detachment model

Teng et al. [34] proposed a strength model for iptewy the strain in the FRP at the critical

cracked section when CCD occurs:

efP = 10" - BesPagBroabeteary/fe 6)
Pes = (5 —30) (35— 01) ™
Bae = (oo ®)
Buoa = (22222)” (©)

whereD; is the sum of the diameter of all tension stemifoecement bars placed closest to the
NSM, and b,j.q = b — D;, the clear width of the beam. In Eq.%, accounts for the combined
effect ofl. andw,; B,r accounts for the influence of the FRP axial rigidindf,,, accounts for
the effect of reinforcement size and number. Stgrfrom efCCD, the moment in the critical

cracked section can be determined from cross seatialysis. According to Teng et al. [34], the

model gives better predictions compared to theradkiailable models suggested by [28, 37]. For

the sake of brevity, the models proposed_by [28a8F not shown here.

5.3 Evaluation of crack spacing

The crack spacing in the anchorage zone is of gngadrtance for predictions based on the
concrete tooth model. All available CCD debondingdels [28, 34, 37] were developed using
crack spacing values obtained from experimentadagions [28] or from finite element analysis

[34]. According to De Lorenzis and Nanni [31], tiénimum crack spacing in NSM strengthened

beams can be calculated by:

min _ ___ Aefet
Sc - UsY Os+Tr X Of (10)
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whereA4, is the area of concrete in tensiag,= 0.28,/f'. and is the local bond strength of the
steel reinforcement is the bond strength of the NSH,0; is the total perimeter of the internal

steel reinforcement, ar)d Oy is the total perimeter of NSM. Zhang et al. [30pmosed a similar

equation fors™", howeveru, = 0.28,/f’. and the total NSM groove perimeter are used idstea
of 7, and } O, respectively. Other equations for predicting tbrck spacing of NSM

strengthened beams have been proposed by Piyasahd29]. For the sake of brevity, they are

not shown here.

Table 2 shows a summary of the observed minimurokcsaacing w™") in the anchorage
zone using DIC (see Fig. 10) and the values obdauseng the three mentioned models. It should
be noted that all models were developed basedamnB-NSM strengthened beams and neither of
them explicitly accounted for the influencedpbr 41.

Models by Zhang et al. [30] and De Lorenzis andmi§B1] yielded results that were in better

agreement with the minimum crack spacing obsereed®fNSM beams, albeit the latter slightly

overestimated, while values provided from the mdaelPiyasena et al. [29] were comparable

with the ones observed for S-NSM beams. Perhapsrtek spacing of S-NSM beams can be
evaluated using the same equation as that fomaltgrreinforced beams, adapted to account for

the mechanical and bond properties of NSM.

5.4 Comparison with test results

For four-point bending, the moment at the critimalck locationx.,.) can be obtained as:

M(xe) = M7 (11)

where M is the moment in the maximum moment region (iegween the load application
point) anda, is the shear span of the beam. From static equilibconditions, it follows that the

associated total force in the actuator is:

M
arLo

P =2—"—=2M(xy)— (12)
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where, for CCD debonding,, can be estimated &s$ + w, and for ICD can be considered as
beinga, — d¢/2 .

Table 3 shows a summary of the experimentally aradyéically determined maximum loads
associated with CCD and ICD debonding failure. pregdicted ICD debonding loads for B-NSM
beams were higher than the observed maximum lo&i;hwis in good agreement with the
observed failure modes, as B-NSM beams failed byp Cthe predicted CCD debonding loads
for B-NSM (calculated using [34]) and ICD debondiogds for S-NSM (calculated using [36])
are shown in Fig. 12, respectively, together wité €xperimental and theoretical load-deflection
responses.

Based on the experimental results for B-NSM beaims, models by Teng et al. [34] and

Hassan and Rizkalla [37] show similar performanbasjng average predicted-to-tested ratios of

0.67 and 0.66, respectively, whereas the model bWahmoud et al. [28] was the most

conservative, having an average predicted-to-testigal of 0.52. The model by [37] was found to

have the lowest coefficient of variation (COV), 8.Qvhereas those by Teng et al. [34] and Al-

Mahmoud et al. [28] had 0.20 and 0.3 COV, respeftivin all cases, the experimentally

determined crack spacing for each beam was used agput parameter. This indicates that the
former two models have a high sensitivity to theapaeterl in the range investigated in this
study.

The ICD model proposed by Mohamed Ali et al. [36dicted the capacity of S-NSM beams

with good accuracy, having an average of preditbetsted ratio of 1.01 and with 0.01 COV
(see Fig. 12b and Table 3).

For S-NSM beams, the models by Teng et al. [34] dadsan and Rizkalla [37] provided

average predicted-to-tested ratios of 1.01 and, @&5& 0.19 and 0.07 COV, respectively. While

CCD debonding did not occur, results suggest thadets by both Teng et al. [34] and Hassan

and Rizkalla [37] provided conservative predictioAswever, experimental tests where the CCD

failure mode for S-NSM beams occurs are necessargetermine the influence of shear

15



382 reinforcement, crack spacing in the anchorage zané NSM cut-off distance on the debonding
383 capacity.

384 6. Conclusions

385 This paper describes the results of experimenss tearried out on six RC concrete beams
386 strengthened with NSM CFRP reinforcement at difiefecations. The NSM were placed at the
387 bottom of the beam (B-NSM) and at the side of tearb (S-NSM). The NSM was provided with
388 different anchorage lengths. Strains and craclepstin the anchorage zone were recorded using
389 a 3D-DIC deformation measurement system. Theseraddsens provided insight into the
390 concrete cover detachment failure mode. The pedoo®s of analytical models used to predict
391 the crack spacing in the anchorage zone and themmax capacity of the strengthened beams
392 were investigated. Based on the findings of thiglgt the following conclusions can be drawn.
393 An S-NSM strengthening system, when compared teNsSB1 system:

394 * Provided a similar ultimate load carrying capacity

395 = Was successful in avoiding concrete cover detachmen

396 » Increased the CFRP strain at failure by 11 to 18%

397 » Increased the energy dissipation at failure bytd 5.3 times

398 » Increased the maximum deflection at failure by @246%

399 Moreover, by comparing experimental tests with ni&dée following conclusions can be drawn:

400 » The interfacial debonding model by Mohamed Ali le{36] predicted, with good accuracy,

401 the intermediate crack debonding failure load &M strengthened beams
402 » The crack spacing in the anchorage zone of B-NSM$MNSM strengthened beams was
403 best predicted with models by Zhang et al. [30] Bivésena et al. [29], respectively

404 = Existing CCD debonding models for B-NSM strengthkeams were found to be
405 conservative, and future CCD debonding for S-NSMgjthened beams should consider

406 the influence of the beam’s internal shear reirdorent
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Further experimental tests are needed to studyretmcover detachment failure modes in S-
NSM strengthened beams. The influence of paramstmts as concrete cover thickness, flexural
and shear reinforcement ratio, NSM location, andpsu conditions should be addressed in
future studies.
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1. Test specimen details (units in mm)

2. Test setup and location of DIC monitoredaawith respect to the defined coordinate
system

3. Load-midspan deflection response of B-NS¥rhs

4. CCD debonding of B-NSM strengthened beams

5. Load-midspan deflection response of S-N&¥drbs

6. S-NSM strenghtend beams after failure (oeteccrushing and ICD)

7 Comparison of load-midspan displacementaesgs: (ayI=300 mm; (b}I1=250 mm; (c)
Al=200 mm

8 Isolated concrete tooth between the last adfacent cracks for B-NSM and S-NSM
strengthening system

9 Load-strain response for (a) steel reinforeet: (b) CFRP bars

10 Principal tensile strain distribution oretburface of the north anchorage zone, bottom
view for B-NSM (left) and side view for S-NSM (righrelative to the coordinate system
(units in mm)

11 Comparison between the theoretical andraxpeatally obtained Load-midspan deflection
response

12 Experimental and analytical comparison eba@hding loads for a) B-NSM (CCD _[34])

and b) S-NSM (ICD [36])
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519 Tables

520 Table 1 Test results

Cracking Yielding Ultimate Max. Bending Energy Max. CFRP
Specimen load load load deflection stiffness dissipation strain
Per P, Py Ou K Eq &
(KN) (KN) (KN) (mm) (N/mm) (KNm) (um/m)
Ref 10.0 54 78 51.0 2643 2.79 -
B300 12.4 118 173 40.6 4644 3.94 6390 (0.46¢,)
(24%) (119%)  (122%) (76%) (41%)
B250 16.0 117 178 457 4355 4.69 6118 (0.44)
(60%0) (117%)  (128%) (65%) (68%)
B200 15.7 123 184 45.7 4555 4.82 6526 (0.4%)
(57%) (128%)  (136%) (72%) (72%)
S300 n.a. 107 177 59.5 n.a. n.a. 7114 (0.5%)
(98%) (127%)
S250 14.6 99 177 60.0 3978 8.28 7244 (0.5%)
(46%) (83%) (127%) (51%) (198%)
S200 13.6 102 173 60.5 3860 7.83 7568 (0.54)
(36%) (89%) (122%) (46%) (181%)

n.a. - data not available;
Note: increase relative to reference beam givgramenthesis.

521

522 Table 2 Minimum crack spacing in the CFRP anchoragee

Sém'n
Specimen Piyasena Zhang et De Lorenzis and w/mn

etal. [29] al.[30] Nanni [31]

(mm) (mm)
B300 50
B250 50
B200 60
S300 137 54 78 b)._
S250 120
S200 100

A\alues from tests
"The stabilised crack region was outside the DICSue=d area

523

524 Table 3 Experimental and analytical loads of stritveged beams

CCD ICD CcCD ICD exp

Specimen Failure Pexp P P P /Pexp P /Pmax
P mode “mer  [34]  [37] [28 [36] [34 [37] [28] [36]
(KN)  (kN)  (kN)  (kN) (kN)

B300 CCD 173 86 110 56 050 064 032 0.92
B250 CCD 178 116 120 95 189 0.65 067 053 094
B200 CCD 184 157 125 129 0.85 068 0.70 0.97
S300 ICD 177 135 90 0.76 0.51 1.02
S250 ICD 177 186 96 174 1.05 0.54 1.02
S200 ICD 173 210 104 1.21 0.60 1.00

CCD Models:Teng et al. [34]Hassan and Rizkalla [37Al-Mahmoud et al. [28]
ICD Model: Mohamed Ali et al. [36]
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