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suppeﬂed—eﬁes—ﬂqe?efei% ThlS paper presents an experlmental study of the use of carbon fiber-
reinforced polymer (CFRP) composites to strengthen two-span reinforced concrete (RC) beams.

Hirst; Six large-scale beams were strengthened in hogging and sagging regions according to the
external bonding (EB) technique and then statically tested to investigate the impact of the CFRP

position ¢side—top/bottor), CFRP form (sheet—plate), CFRP layers (enetayer—multipleJayers),
and weight of carbon fibers perunit-area{350-e/m>-700-g/m?) on the flexural performance of

continuous beams. The experimental results of the strengthened beams were carefully studied in
terms of load-carrying capacity, failure modes, cracking patterns, moment redistribution, and
reinforcement strain and compared with the results of an unstrengthened control beam. The
efficiency of the EB technique in strengthening continuous RC beams was assessed through a
comparative study with the near surface mounted (NSM) technique. For this purpose, another
two beam specimens strengthened with NSM-CFRP bars were considered.

Based on the experimental results, a general improvement in the flexural performance of
strengthened beams was observed. By applying the EB-CFRP composites, the yield and ultimate
load capa01ty could be 1mproved up to 59.1% and 49.8% respectlvely %Fesul%s—shewed—eha{

beams. Mefee!ver— The results also showed that increasing the carbon flber Welght was found to
be effective in improving the strength capacity of beams and it may use as an alternative to

multiple sheet layers..--but-this-etticteney-was-conditional-upon-thetotalaxial-stitfnessratto-ofthe
| | Ihesi o Furd T Listribution il
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Comparlsons regardlng the global flexural performance—mel&dmg—f—aikw%ﬂedes—aﬁd—lead—
earrying-eapaeities; allow confirming the higher efficiency of the NSM system in comparison to

the EB one.

Keywords: EB; NSM; strengthening; continuous RC beam; comparison.

1. Introduction

Fiber-reinforced polymers (FRPs) are increasingly being used in the field of civil engineering
due to their mechanical strengthening advantages. Among the various composite materials
available, carbon fiber-reinforced polymers (CFRPs) are considered the most used and are
widely preferable. In general, CFRPs have a high tensile strength and modulus of elasticity and
exhibit excellent resistance to corrosion and creep rupture [1]. CFRP materials in the form of
plates or sheets can be applied to damaged structural elements as an external reinforcement via
the external bonding (EB) technique [2], whereas those in the form of rods are used as an internal
reinforcement via the near surface mounted (NSM) technique [3]. Generally, the efficiency of
the CFRPs used in reinforced concrete (RC) structures depends on their interface bonding
behavior with concrete, which can normally be achieved using an epoxy-resin agent. Such
bonding behavior is essentially affected by the mechanical properties of the CFRP and the
adhesive epoxy-resin materials, as well as the roughness of the concrete surface [4, 5]. With
regard-to Regarding the latter, both ef-the EB and NSM techniques have different construction
processes, implying different bond strength levels.

Although CFRP materials were used for the first time more than 50 years ago to strengthen
RC members, only a very limited number of research studies have investigated the use of such
materials to strengthen statically indeterminate members, such as continuous beams [6-9].
Extensive research studies have been performed on the use of CFRPs to reinforce and retrofit
simply supported beams (SSBs) [10-16], joints [17-19], and columns [20-22]. It has been found
that the flexural strength improvement in SSBs as a result of CFRPs is significant and may reach,
in some strengthening configurations, more than 90% with the EB technique [10] and even more
than 130% with the NSM technique [23]. However, regardless of the strengthening technique
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that is used, an essential drawback that has been reported is the nonconventional failure mode of
the SSBs due to delamination and/or the tensile rupture of the EB-CFRP sheets/plates or pull-out
of the NSM-CFRP rods. Under certain circumstances, such a nonconventional failure mode may
occur at an early load stage in the form of concrete cover separation [24] or peeling-off failure
[25], either of which can prevent the desired flexural strength enhancement in the beam. A
number—of Several end anchorage systems have been suggested to prevent such a premature
failure in EB-CFRP sheet beams, such as U-strap [26], L-shaped jackets [27], and CFRP splay
anchors [28], as well as in NSM- CFRP rod beams, such as end-steel plates [29] Sem%e#the@e

pﬁer—maﬂﬂﬁaet&rmg—pme%&& By In contrast, the ACI 440.2R guldehne [30] recommends that on

the one hand, FRP laminates should be terminated at least at a distance equal to the development
length (l4f) past the point along the span corresponding to the cracking moment (M,) in the
SSBs. In continuous beams, on the other hand, FRP laminates should be terminated at d/2 or at
least 150 mm beyond the inflection point (point of zero moment), where d is the cross-sectional
effective depth.

A general review of the literature on strengthening SSBs using the EB and NSM techniques
confirms their potential to enhance the flexural behavior of RC beams. However, their initial
forms might not be feasible for some practical applications. These systems have several
shortcomings due to the imposed architectural constrains, the insufficient dimensions of the
beam itself, and the possibility of damaging other members, such as columns, during preparation
and installation. Consequently, side-bonded CFRP sheets [10] and side-NSM-CFRP rods [11,23]
have recently been proposed as convenient alternatives, although their effectiveness has not yet
been investigated in continuous RC beams. Bilotta et al. [24] discussed the efficiency of the
NSM and EB techniques in strengthening SSBs using CFRP strips and plates. The test results
indicated that the NSM system is more effective than the EB system in improving the flexural
strength although it is less effective in increasing the beam stiffness. Furthermore, NSM strips
were found to be weakly sensitive to debonding phenomena. By contrast, Yihua Zeng et al [31]
indicated that the strengthening technique type had a slight influence on the flexural performance
of SSBs. Based on the experimental results, the RC beams strengthened with EB CFRP sheets
and NSM FRP bars were found to have a very similar load-carrying capacity and failure mode
(CFRP sheets or bars debonding and concrete crushing). To the best of our knowledge, there are
no published studies comparing the efficiency of the EB and NSM systems in terms of
strengthening continuous RC beams.

Unlike SSBs, continuous beams have positive (sagging) and negative (hogging) bending
moment regions. Therefore, their flexural behavior and failure modes are considerably different
from those of SSBs and are strongly associated with the strengthening arrangement of CFRP
reinforcements. Ashour et al. [6] performed a series of experimental tests to study the
performance of continuous two-span RC beams strengthened in flexure with EB-CFRP sheets.
The test results showed that strengthening both the sagging and hogging regions is the most
effective arrangement to enhance the beams’ load-carrying capacity. The tested strengthened

3)



specimens exhibited about 25% improvement in the ultimate load compared to their
unstrengthened counterparts, and they failed because of the tensile rupture of the CFRP sheets,
CFRP sheet separation, and brittle peeling failure of the concrete cover. The same strengthening
arrangement was adopted by Akbarzadeh et al. [7] to experimentally study the influence of
multilayer CFRP sheets on the flexural response of reinforced high-strength two-span beams.
The authors found that increasing the number of layers can change the failure mode from tensile
rupture to intermediate crack (IC) debonding of the CFRP sheets. The beam strengthened with
three layers of CFRP sheets exhibited about 60% improvement in the load-carrying capacity
compared to the control beam. Ali et al. [8] examined the flexural capacity and failure modes of
continuous RC beams with three spans externally strengthened in the positive and negative
moment regions with different lengths and layers of CFRP sheets. They concluded that the
ultimate load of the strengthened beams increased by 16.7%—-26.6% with respect to the control
beam. The main failure modes observed were peeling-off and rupture of the CFRP sheets.
Abdallah et al. [9] clarified that the contribution of NSM-CFRP rods to the improvement of the
load-carrying capacity of statically indeterminate two-span RC beams is limited by the
debonding of the CFRP bars in the negative bending moment zone or peeling-off of the concrete
cover. Notably, the peeling-off failure occurred due to the insufficient CFRP rod length.
However, the beam specimens were strengthened in both the hogging and sagging regions, and
the improvement achieved in their load-carrying capacity ranged between 42% and 63%
compared to the load-carrying capacity of the control beam. Abdzaid and Kamonna [32]
experimentally investigated the flexural behavior of eleven continuous RC beams strengthened
by NSM steel bars with different development lengths, diameters, and material types, with end-
anchors of CFRP fabrics. The experimental results showed that the strengthened beams achieved
a significant enhancement in ultimate flexural strength by approximately 108% relative to the
control beam, and the CFRP end-anchorage can eliminate the separation of the concrete cover
and demonstrates a significant improvement in ductility.

Moment redistribution is a key feature of continuous RC beams. In ordinary indeterminate
beams, moment redistribution primarily depends on the amount of tension steel reinforcement
(ps) in the critical sections. Indeed, at the ultimate state, moment transfer occurs from the
hogging region to the sagging region when p*/p$ is not greater than 1.0, whereas when pf/p$ is
greater than 1.5, moment transfer occurs from the sagging region to the hogging region. When
pl/ps falls between 1.0 and 1.5, the moment transfer is indistinct [33]. Despite being very
limited, previous experimental studies on strengthening RC beams with CFRP composites have
indicated that moment redistribution in such members is possible to some extent at the ultimate
state [7,9]. Nevertheless, moment redistribution not only occurs at the ultimate state but also
evolves through the whole loading process, even before formation yielding of the tension steel
reinforcement [33-34,35]. Indeed, Diab et al [35] found that the moment redistribution achieved
after the beam cracking load until the failure load varies in accordance with the NSM
strengthening region and the NSM strengthening material (steel or CFRP). On the other hand,
Abdallah et al [36] found that the moment redistribution degree achieved in the ultimate state of
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NSM strengthened beams is significantly affected by the position and arrangement of the CFRP
bars.

As stated above, relatively few studies have been performed on continuous RC beams
strengthened with either EB-CFRP or NSM-CFRP. Most of these studies have focused on the
impact of the arrangement, number of layers, and length of CFRPs on the failure modes and
flexural capacity of beams. It is worth mentioning that increasing the carbon fiber weight per unit
area has recently been used in the construction and rehabilitation industry as an alternative to
multiple sheet layers. However, there are no available studies in the literature exploring the
effectiveness of that alternative in terms of improving the performance of continuous RC beams.
Therefore, the primary aim of this study is to fill in the gaps in the literature regarding
strengthening continuous RC beams with EB-CFRP. Generally, this study consists of three main
sections. In the first section, seven large-scale two-span beams are statically investigated: one
control beam and six beams initially strengthened in terms of bending with CFRP sheets or
plates. The principle aim of the first section is to investigate the effects of important influential
factors, such as (i) the CFRP reinforcement position; (ii) the CFRP form, either sheet or plate;
(i11) the CFRP layer number; and (iv) the weight of the carbon fibers, on the load-carrying
capacity, failure modes, cracking patterns, moment redistribution, and strain analysis of
continuous beams. Because the current design guidelines have been developed to strengthen
SSBs with EB-FRP laminates, the second part of this study evaluates the effectiveness of the
current design codes in determining the flexural strength of continuous beams strengthened
externally with CFRP sheets or plates. The experimental flexural strength capacities of the tested
beams are compared with those obtained from the design formulas provided in the American
ACI 440.2R-08 [30], the Italian CNR-DT 200 R1/2013 [37], and the technical report of EIB fib
Bulletin 14 [38]. Finally, the third section assesses and compares the efficiencies of the EB and
the NSM techniques. For this purpose, another two beams strengthened by means of the NSM
and side-NSM-CFRP bars technique are tested and presented.
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Fig. 2 : (a) Elevation view and cross-sections of the beam specimens and (b) Length of CFRP sheets/plates in beams. (All dimensions are in mm)
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2. Experimental Program
2.1. Tested beams and material properties
2.1.1 Beams strengthened with EB CFRP reinforcements

The test matrix in this section consists of seven full-scale two-span RC beams: one considered
as a reference beam and six externally strengthened with CFRP composites. Fig. 1 shows the
cross-sectional details, steel reinforcement layout, and applied loads of the tested beam
specimens. Each specimen comprised two equal spans, each of 2850 mm. All beams had a
rectangular cross section with a width of 150 mm and a height of 250 mm. The steel
reinforcement arrangement was as follows: Ag; = Ag; = 307.9 mm?, A, = 100.5 mm?, where
As, and Ay, are the tensile steel reinforcement amounts in the negative and positive moment
regions, respectively, and A,, is the shear reinforcement of one stirrup. The steel stirrups were
spaced at 100 mm center to center. The mechanical properties of the steel used as obtained from
three tensile tests on representative specimens, were as follows: F, = 572.6 MPa, E; = 192.85
GPa, and ¢, = 0.3%, where F,, Eg, and ¢, are the average yielding strength, modulus of
elasticity, and yielding strain of steel, respectively. The mechanical characteristics of the
concrete used for formulating the beams, as obtained from testing eight cylindrical specimens
(130 mm x 260 mm), were as follows: f; = 39 MPa, E, = 29.2 GPa, and f; = 3 MPa, where
fs ft, and E. are the average compressive strength, tensile strength, and modulus of elasticity of
concrete, respectively.

Fig. 2 and Table 1 show the strengthening layout, specimen designations, and details of the
control and strengthened beams with EB-CFRP composites. The position of the CFRP
reinforcement (either bottom/top or side), the CFRP composite form (either sheet or plate), the
CFRP layer number, and the weight of the CFRP sheet were the main variables investigated for
this experimental program. Each continuous strengthened beam had the same positive and
negative CFRP reinforcement. Each EB beam is identified throughout this paper using a
reference code that describes its strengthening scenario. For example, BC1-EB1S means that
beam BC1 was strengthened with one externally (E) bonded (B) sheet (S) on the top and bottom
surfaces. The number next to the first two letters, BC, indicates the beam number.

In all the tested beams, EB-CFRPs were bonded to the hogging and sagging regions to
achieve the highest improvement in the load-carrying capacity. In the hogging region of each
specimen, the CFRP reinforcements were placed symmetrically about the central support,
whereas, in the sagging regions, the CFRP reinforcements started from the face of the support
without any anchorage over the external supports. The strengthening length to the beam length
ratio (SL/BL) was considered equal to 0.7 and 0.65 in the hogging and sagging regions,
respectively, where SL is the distance between the end of the CFRP and the applied load and BL
is the distance between the support and the applied load. To avoid the premature failure of
continuous beams with EB-CFRPs, the recommendations outlined in the ACI 440.2R guideline
[30] regarding the strengthening length were applied, as shown in Fig. 2b.
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Beams BCI-EB1S and BC2-EB1P were tested to study the efficiency of the EB technique
through the strengthening material form. Two forms of CFRP were used: sheets (S) and plates
(P). Although CFRP sheets and plates have different properties, the axial stiffness ratios of the

total reinforcement (1+%) of BC1-EBI1S and BC2-EB1P were designed to be close to each

other.

Beam BC3-EB1S-side was tested to evaluate the effect of the CFRP sheet’s position on the
flexural performance of continuous RC beams. The amount of CFRP reinforcement used in this
beam was similar to that used in beam BC1-EB1S. However, in the side beam (BC3-EB1S-side),
the CFRP sheet was cut beforehand in the longitudinal direction of the fibers into two equal
halves, and each tension side of the beam was bonded with one half, as shown in Fig. 2.

Beams BC4-EB2S, BC5-EB1S-weight (700), and BC6-EB1S-weight (1100) were tested to
measure the effect of increasing the EB-CFRP sheet’s reinforcement ratio through either the
number of layers or the carbon fiber weight on the flexural behavior of the beam. Beam BC4-
EB2S was strengthened with two layers of CFRP sheets similar to what has been used in beam
BC1-EBI1S, whereas, beams BCS5-EB1S-weight(700) and BC6-EBI1S-weight(1100)) were
strengthened with one layer of CFRP sheets weighing 700 g/m? and 1100 g/m?, respectively. The
longitudinal carbon fiber weight of the CFRP sheets applied to beams BC1-EB1S, BC3-EB1S-
side, and BC4-EB2S was approximately 350 g/m?. Fig. 3 shows the three types of CFRP sheets.

Table 2 shows the mechanical properties of the Foreva CFRP sheets and plates used, as
provided by the manufacturer. AH-data—were-provided-by-the-manufacturer- CFRPs were bonded
to the beams using an epoxy-resin adhesive material: Epx TFC (350, 1000) was used for the
sheets, whereas Epx SC980 was used for the plates, as shown in Fig. 4. In general, different resin
types were used (i) to simulate the real procedure used by construction companies in the field
and (i1) to show the workability of Epx TFC resin is higher than that of the Epx SC980 resin,
making it more suitable and feasible in case of sheet strengthening. However, Epx TFC 350 is a
normal adhesive that usually used for ordinary CFRP sheets (350 g/m?), in this study, it was also
used for investigating efficiency of the CFRP sheet 750 g/m?, whereas Epx TFC 1000 is an
epoxy based resin specifically designed to be used with CFRP sheet 1100 g/m? structural
strengthening systems. Table 3 presents the characteristics of the resin materials.

Tablel: Beams details

Hogging region Sagging region A, Ar Ep X A

strengthening strengthening (mm?)  (mm?) (kN) 1 ifijf

No. Length SL/BL No.  Length  SL/BL mm T
CB ——  307.88 1
BC1-EBI1S 1 2.0 0.70 1 23 0.65 307.88 72 7560 1.13
BC2-EBI1P 1 2.0 0.70 1 2.3 0.65 307.88 56.5 9322.5 1.16
BC3-EB1S-side 1 2.0 0.70 1 2.3 0.65 307.88 72 7560 1.13
BC4-EB2S 2 2.0 0.70 2 23 0.65 307.88 144 15120 1.26
BCS-EB1S-weight(700) 1 2.0 0.70 1 23 0.65 307.88 99 10395 1.17
BC6-EB1S-weight(1100) 1 2.0 0.70 1 2.3 0.65 307.88 187.5 19635 1.33
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Table 2: Characteristics of the CFRP composites

. Width xDepth ~ Ultimate strength ~ Modulus of elasticity ~ Strain at failure
Material

(mmXxmm) (MPa) (GPa) (%)
CFRP-Sheet-350 g/m* 150x0.48 1700 105 1.7
CFRP-Sheet-700 g/m? 150%0.66 1700 105 1.7
CFRP-Sheet-1100 g/m? 150x1.25 1700 105 1.7
CFRP-Plate 50%1.2 2800 165 1.7

Table 3: Characteristics of the epoxy-resin

Compressive strength ~ Tensile strength  Elastic modulus

Material (MPa) (MPa) (GPa)
Epoxy resin- SC980 [22] 83 29.5 4.94
Epoxy resin-TFC (350) 89 27 2.3
Epoxy resin-TFC (1000) 68 48 1.7

2.1.2 Beams strengthened with NSM CFRP reinforcements

For the purpese sake of comparison, two additional beams, namely BC1-NSM and BC2-
SNSM, were strengthened usmg the NSM technique and statlcally tested. The—procedure

B@%—EBiS—%ele—ﬁrem%ec—Hen—Z—l—L Beams BC1-NSM and BC2 SNSM were strengthened Wlth
2¢6 CFRP rods in both the hogging and sagging regions. The only difference between them was
the location of the CFRP bars. In beam BC2-SNSM, the CFRP bars were inserted in the vertical
sides adjacent to the tension steel rebars instead of the bottom/top sides, as shown in Fig. 5. The
dimensions, steel reinforcement ratio, and test setup, including the load and support conditions of
the NSM beams, were all comparable similar to those employed in the experimental
investigation of the EB beams, as shown in Fig. 1. In addition, the mechanical properties of the
adhesive epoxy-resin (Epx SC980) used to bond the CFRP bars with concrete were similar to
those reported in Table 3. The ultimate strength and elastic modulus of the CFRP bars used were
equal to 2800 MPa and 165 GPa, respectively.

Table 4 presents the strengthening details of the NSM beams. Their axial stiffness ratio was
found to be approximately 1.16, which is slightly larger than that recorded for EB beams (i.e.
1.13; see Table 1), although the area of the CFRP bars used in BC1-NSM and BC2-SNSM (206
= 56.5 mm?) was smaller than that of the sheet used in BC1-EB1S and BC3-EB1S-side (one
sheet = 72 mm?).

Table 4: Details of the NSM-CFRP bar beams

Ef*Af
Es*xAg

Hogging region Sagging region A A EpxAr 1+
strengthening strengthening (m ns1 ) mmd) (kN
No. Length SL/BL No. Length SL/BL

Beam

BCI-NSM 206 2.0 0.70 206 23 0.65 307.88 56.5 9322.5 1.16
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BC2-SNSM 206 2.0 0.70 206 2.3 0.65 307.88 56.5 9322.5 1.16

2.2. Surface preparation and strengthening technique

Regarding the beam specimens strengthened with EB CFRP sheets, a concrete surface was
prepared first using a mechanical grinder, as shown in Fig. 6a. Then the surface was cleaned with
compressed air to remove debris and fine particles (Fig. 6b). Next, an initial layer of Epx TFC
epoxy was added and distributed over the prepared concrete surface using a paint roller (Fig. 6¢).
The CFRP sheets were saturated with an epoxy resin while being installed, and the paint roller
was applied with a considerable amount of pressure to roll the CFRP sheets in the longitudinal
direction of the fibers, as illustrated in Fig. 6d. This was done to ensure proper bonding between
the CFRP sheets and the concrete substrate.

Regarding the beam specimen strengthened with CFRP plates, the same procedure described
above was applied. The only difference was the type of epoxy resin used; that is Epx SC980 was
used for the plated beams instead of Epx TFC. The final shape of the CFRP plated beam is
shown in Fig. 6e.

Regarding the beam specimens strengthened with NSM CFRP bars, the procedure followed in
the NSM technique has already been described in Ref. [9]. For all the strengthened specimens,
the CFRP composites were allowed to cure for seven days before testing.

2.3. Instrumentation and test setup

One control beam, four beams strengthened with one EB sheet, one beam strengthened with
two-layer sheets, and one beam strengthened with one EB plate, and two beams were
strengthened with NSM CFRP bars were loaded until destruction with two concentrated loads
separated by a distance of 2850 mm. For the loading process, two hydraulic actuators with a
capacity of 400 kN and an average loading speed of 0.3 kN/s were used. The total applied load,
central support reaction, midspan deflection, and strain of the steel and CFRP were measured
during the tests. The reaction at the interior support was measured using a load cell with a
capacity of 200 kN, while two vertical linear variable differential transducers (LVDTs) were
used for each beam to monitor the vertical midspan deflection (one LVDT at each midspan). The
tested beam specimens were instrumented with electrical strain gauges attached to the tension
steel and CFRP at the central support and midspan sections to measure their tensile stresses. Fig.
7 illustrates the instrumentations used and the bending test setup.

a) CFRP sheet (350g/m?) b) CFRP sheet (700g/m?) c) CFRP sheet (1100g/m?)
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Fig. 3: CFRP sheets used for strengthening beams

(a) (b)
Fig. 4: Epoxy resin material for bonding the CFRP (a) sheets and (b) plates
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Installing the CFRP sheet, and (e) Final shape of beam strengthened with CFRP plates.

Fig. 6: Strengthening procedure of EB-CFRP beam specimens
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3. Results and Discussion
3.1 Beams strengthened with EB CFRP reinforcements
3.1.1 Load-deflection response

Fig. 8 presents the applied load versus the midspan deflection of the control and
strengthened beams. The load-deflections curves of the tested beams typically consist of three
stages: the precracking of concrete, postcracking of concrete, and postyielding of steel. No
noticeable remarkable variation was found between the beams at the first stage. By In
contrast, the comparisons provided in Fig. 8 show increases in the postcracking stiffness, load
at yielding, and load at failure in the EB-CFRP beams in comparison to the control beam.
Such increases were principally controlled by the number of layers, by the form and weight of
the carbon fibers, and marginally by the position of the CFRP reinforcement. Indeed, among
all the tested strengthened specimens, the highest improvement in the load-deflection
response was achieved in the beam employing one layer of 1100 g/m?> CFRP sheet (BC6-
EB1S-weight (1100)), whereas the lowest improvement was reported in the beam
strengthened with CFRP plates (BC2-EB1P). Overall, in all the tested beams, the increasing
percentages of the yield and ultimate load due to the EB-CFRP composites were found to
range from 25.5% to 59.1% and from 7.6% to 49.8%, respectively.

The ultimate load of beams BC1-EB1S (219.4 kN) and BC4-EB2S (242.4 kN) was found
to be about 29.3% and 42.8 higher than that of the control beam (169.7 kN), respectively. This
result confirms that increasing the amount of CFRP reinforcement using multisheet layers
contributes is considerably respensiblefor to the enhancing of the load-carrying capacity of
continuous beams, as one can also notice in Ref. was-alse-evidencedin [8].

It has also been observed that the efficiency of the EB-CFRP plate in improving the
flexural strength of continuous beams in terms of the ultimate load capacity was lower than
that observed for the EB-CFRP sheets. Although the axial stiffness ratio of beam BC2-EB1P
(1.16) was slightly greater than that of beam BC1-EB1S (1.13), the ultimate load capacity of
BC2-EB1P (182.52 kN) was only 83% that of BC1-EBI1S. This lower efficiency of the EB-
CFRP plates may attributed to the bonding surface between the CFRP and the concrete
substrate. The bonding surface between the CFRP sheet and the concrete surface in beam
BCI1-EBIS (width of sheet: 150 mm) was about three times that between the CFRP plate and
the concrete in beam BC2-EB1P (width of plate: 50 mm). Therefore, it may conclude that the
bonding area is more influent than the axial stiffness ratio when the comparison on the basis
of the EB-CFRP form.

The load-deflection graphs (Fig. 8) also show that the side-bonded CFRP sheet was slightly
less efficient than the conventional top/bottom-bonded CFRP sheets in terms of enhancing the
flexural behavior of continuous RC beams, making it a feasible alternative. Compared to
beam BCI1-EBI1S, the decrease in the ultimate load (205.43 kN) of beam BC3-EB1S-side was
only 6.4%. This difference in the load-carrying capacity is most likely due to the decrease in
the effective moment arm depth of the tension reinforcements in beam BC3-EB1S-side due to
the changing position of the CFRP sheet.

Because the CFRP reinforcement area was higher, it was expected that the load-carrying
capacity of beam BC5-EB1S-weight(700) would be relatively higher than that of beam BC1-
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EB1S. However, this hypothesis expeetation was not confirmed by beam BCS5-EBIS-
weight(700), as can be discerned from Fig. 8d. Although the postyielding stiffness was
improved, increasing the carbon-fiber weight from 350 g/m? to 700 g/m? was found te not to
allow an additional improvement in the ultimate load capacity of the beam. The failure load of
beam BC5-EB1S-weight(700) (217.6 kN) was about 99.2% of the failure load of beam BCI-
EB1S. This can be attributed to (i) increasing the CFRP reinforcement from 72 mm? in BC1-
EB1S to 99 mm? in BC5-EB1S-weight(700) was not being sufficient to significantly increase
the axial stiffness ratio, which remains very close in the two beams (1.13 in BC1-EB1S and
1.17 in BC5-EB1S-weight(700)); and (ii) the adhesive epoxy-resin used, Epx TFC 350, swas
not being suitable to saturate heavy and dense carbon fiber fabrics such that used in BC5-
EB1S-weight(700).

The impact of increasing the carbon-fiber weight can be clearly seen in beam BC6-EB1S-
weight(1100), where the failure load (254.26 kN) increased by 49.8% over that of the control
beam and even by 4.9% over that of the beam strengthened with two sheet layers (i.e. BC4-
EB2S, 350 g/m?), (Figs. 8c and 8d). The CFRP reinforcement amount and the axial stiffness
ratio of BC6-EB1S-weight(1110) were 1.3 and 1.06 times those in BC4-EB2S. It should be
noted that a special soft adhesive (Epx TFC 1000) was used in BC6-EB1S-weight(1100) to
ensure saturation such a heavy carbon sheet.
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Fig. 8: Load deflection curves of tested beams
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3.1.2. Failure modes

Four failure modes were observed in the tests (i) conventional flexural failure, (ii) IC
debonding of CFRP plates/sheets, (iii) IC debonding of CFRP sheets in one region followed
by concrete cover delamination (CCD) in the other region, and (iv) IC debonding of CFRP
sheets followed by tensile rupture of the CFRP sheets. Thesefailure-modes—are-deseribed-in
che e e Dol e e

Debonding of CFRP sheets and plates as a result of ICs at critical sections (midspan and
over the central support) was the dominant failure mode observed in the strengthened beams.
IC debonding appeared to be the only failure mode in beams BC2-EB1P and BC6-EB1S-
weight(1100), whereas it was followed by other types of failure, such as CCD, in beams BC1-
EB1S, BC4-EB2S, and BC5-EB1S-weight(700), as well as tensile rupture of CFRP sheets in
beam BC3-SEBI1S-side. Such debonding of the CFRP composites as a results of ICs started
first either at the midspan or over the central support and then developed toward the ends of
the CFRP composites with the increase of the external applied load. By contrast, in the
regions that failed as a result of CCD, separation of the concrete cover started at the ends of
the CFRP composites due to the formation of diagonal flexural shear cracks and then
propagated toward the interior critical section.

It worth noting sheuld-be-neted that the separation of the EB-CFRP sheets/plates observed
in the tested beams, resulting from either IC or CCD failures, occurred with concrete
attached, meaning that it was accompanied by a loud noise and dust. In all the tested CFRP
beams, ripping and limited crushing of the compressed concrete at the external load
application sections and central support occurred before the EB-CFRP failure.

3.1.2.1 Failure mode 1: Conventional ductile flexural failure

This failure mode was illustrated by the control beam specimen (CB), as shown in Fig. 9.
This failure started by the yielding of the tension steel reinforcement followed by concrete
crushing in the compression surfaces at the central support and points of the applied loads.

a) Leftspan b) Mid support ¢) Right span
Fig. 9: Failure mode of control beam, CB.

3.1.2.2 Failure mode 2: IC debonding

Debonding failure of EB-CFRP resulting from an IC was demonstrated by beams BC2-
EB1P and BC6-EB1S-weight(1100), as shown in Figs. 10 and 11, respectively.
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The IC debonding in beam BC6-EB1S-weight (1100) was first occurred in the left sagging
region, followed by failure of the hogging and right sagging regions. In beam BC2-EB1P, the
IC debonding occurred simultaneously at the hogging and left sagging regions. This IC
debonding was explosive and was followed immediately by beam failure.

Interestingly, such debonding failure was not observed in the right span of beam BC2-
EB1P. This was most likely associated with the IC width, which was considerably greater in
the left span and over the central support than in the right span. However, the CFRP plates
were rapidly affected by the development of ICs at the critical sections because of the small
contact area between the EB-CFRP plate and the concrete. This led to the acceleration of the
debonding phenomena, thus explaining the lower ultimate capacity of this beam in
comparison to that of beam BC1-EB1S (Section 3.1.1).

a) Leftspan b) Mid support ¢) Right span

Fig. 10: Failure mode of beam BC2-EB1P.

a) Left span b) Mid support C) Right span

Fig. 11: Failure mode of beam BC6-EB1S-weight(1100).

3.1.2.3 Failure mode 3: IC debonding and CCD

Beam BCI1-EBI1S failed in two areas as a result of IC debonding of the EB-CFRP sheets:
firstly at the negative moment zone (hogging region) close to the central support and then
again in the left positive moment zone (sagging region). During later stages, the beam failed
fellewed by CCD at the right positive moment zone. The failure that occurred at the hogging
region was sudden and was accompanied by a loud noise, indicating rapid release of energy
and significant loss in the load capacity (see Fig. 8). In the right sagging region, however,
delamination of the concrete cover started at the extremities of the CFRP sheets close to the
external supports and developed toward the applied load points with the load increasing. This
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was accompanied by a loud cracking noise, which continued until the end of the test. Fig. 12
shows the failure mode of beam BC1-EBS.

In beams BC4-EB2S and BC5-EB1S-weight (700), IC debonding occurred in the left
sagging region and then in the hogging region, followed by CCD in the right sagging region,
as shown in Figs. 13 and 14. This failure mode—may indicates that increasing the
reinforcement ratio of the EB-CFRP sheets through the number of layers and carbon-fiber
weight (see also Section 3.1.2.2) is not effective in terms of preventing the IC debonding.

3.1.2.4 Failure mode 4: IC debonding and rupture of the CFRP sheet

Beam BC3-SEB1S-side principally failed as a result of IC debonding of the EB-CFRP
sheets at both the hogging and sagging regions. Debonding failure was first observed in the
left sagging region, followed by failure of the hogging and right sagging regions. This IC
debonding failure resulted in a tensile rupture of the CFRP sheets at the critical sections, as
shown in Fig. 15. Such an abrupt rupture of the CFRP sheets occurred because once the CFRP
sheets were debonded from one side of the beam, the load suddenly transferred to the other
side.

a) Leftspan b) Mid support ¢) Right span
Fig. 12: Failure mode of beam BC1-EB1S

b) Mid support
Fig. 13: Failure mode of beam BC4-EB2S

a) Left span b) Mid support C) Right span
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Fig. 14: Failure mode of beam BC5-EB1S-weight(700)

a) Left span b) Mid support ¢) Right span

Fig. 15: Failure mode of beam BC3-SEB1S-side

3.1.3 Crack maps and crack width

Fig. 16 shows the cracks maps of strengthened and unstrengthened beams at the failure
stage. Cra : - The ICs
a{—th%eﬁﬁeal—see&eﬁs—émaammm—memem—regeﬂs) are deplcted by bold hnes to reflect their
larger width compared to other cracks. The ICs started nearly simultaneously in both the
hogging and sagging regions in all the tested beams. However, as can be seen in Fig. 16,
strengthening a continuous RC beam with EB-CFRP significantly increased the number of
cracks, regardless of the strengthening state. Compared to the control beam, the number of
cracks increased by 189%, 200%, 63%, 125%, 213%, and 238% in the hogging region and by
125%, 44%, 19%, 19%, 44%, and 63% in the sagging region for beams BC1-EB1S, BC2-
EB1P, BC3-EB1S-side, BC4-EB2S, BC5-EB1S-weight (700), and BC6-EB1S-weight (1100),
respectively. In addition, the average crack spacing of the EB beams was found to be smaller
than—that in the control beam. In general, the average crack spacing is calculated by
summating the crack spaces divided by the number of spaces in each region, and it was found
to be equal to 163, 80.2, 88.5, 88.3, 82.5, 86.6, and 86.6 mm in the hogging region and136,
85.2,94.3,107.9, 115, 103.9, and 102.1 mm in the sagging region for beams CB, BC1-EBIS,
BC2-EB1P, BC3-EBI1S-side, BC4-EB2S, BC5-EB1S-weight (700), and BC6-EBI1S-
weight(1100), respectively.

Beams BC4-EB2S and BC6-EB1S-weight(1100) exhibited a higher first cracking load
than that experienced by other beams due to their high axial stiffness ratio. The first cracking
loads of beams CB, BC1-EB1S, BC2-EB1P, BC3-EB1S-side, BC4-EB2S, BC5-EB1S-weight
(700), and BC6-EB1S-weight (1100) were found to be approximately 26, 30, 29, 32, 46, 30,
and 52 kN respectively. Therefore, it can be concluded that the axial stiffness ratio of the EB-
CFRP specimen is the key factor affecting the first crack load.
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At later stages of loading, the influence of the strengthening scenarios applied could be
noticed through the crack width of the specimens. Fig. 17 shows the relationship between the
total applied load and the flexural crack width in the hogging region. The crack width was
measured using a special microscope with an accuracy of 0.05 mm. Generally, EB-CFRP
sheets/plates have a considerable effect on reducing the width of flexural cracks.
Nevertheless, the crack width of the CFRP sheet beams (i.e. BC1-EB1S, BC3-EB1S-side,
BC4-EB2S, BCS5-EBI1S-weight (700), and BC6-EB1S-weight (1100)) was found—te—be
significantly smaller than that of the CFRP plate beam (i.e. BC2-EB1P) under the same
applied load. This finding indicates that not only the axial stiffness ratio of the EB-CFRP
specimen, but also the form and position of the CFRP may affect the crack development.
Indeed, bonding the CFRP sheets on the side surfaces of the beam (BC3-EB1S-side) was
found to be more efficient in decreasing the beam’s crack width than the conventional
top/bottom bonding technique (BC1-EB1S). This can be explained as the side-bonded sheets
confine the concrete in the tension sides along the depth of the beam’s cross section, which
allows enhancing the tension carrying capacity of concrete between cracks.

The red points shown in Fig. 17 represent the maximum crack width in each strengthened
beam corresponding to the service load (67% ultimate load). According to ACI-319-14 [35],
the allowable crack width of ordinary steel RC beams ranges between approximately 0.46 and
0.56 mm at the service load. It can be seen from Fig. 17 that none of the CFRP sheet beams
exceeded the maximum limit (0.56 mm). Moreover, beams BC3-EB1S-side, BC4-EB2S,
BC5-EB1S-weigh (700), and BC6-EB1S-weigh (1100) did not even exceed the lower crack
width limit (0.46 mm). These results highlight the great benefits of using EB-CFRP sheets
and their strengthening configurations adopted in this study to meet the serviceability
requirements of continuous RC beams in comparison to the control and EB-CFRP plate beam.
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Fig. 16: Crack maps of tested beams
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3.1.4 Strain of steel and CFRP reinforcement

Fig. 18 shows the total applied load versus the tensile strain of the bottom steel bars at the
midspan (sagging region) and the top steel bars at the intermediate support (hogging region).
Besides acting as tensile reinforcements, EB-CFRP composites have also been demonstrated
to be useful in reducing the tensile strain of tension steel bars. Under the same level of applied
load, and compared to the control beam, the steel strain decreased in both the hogging and
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sagging regions of the EB beams. The intensity degree of this decrease varies depending on
the form, position, and number of CFRP sheets used, as well as the weight of the carbon
fibers.

In general, the strain response of tension steel bars is affected by two characteristic points:
the concrete cracking load point, which has been discussed in the previous section, and the
steel yielding load point. It can be seen in Fig. 18 that the EB-CFRP composite material
delayed the yield of the steel bars. Thus, both the yield and the ultimate load of the
strengthened beam increased in comparison to those of the control beam. It was also observed
that steel yielding (g5 > 0.003) occurred in all the strengthened beams prior to the debonding
failure of the CFRP. Although such yielding was comparable in both the hogging and sagging
regions because the amount of reinforcement used was the same, most of the tested beams
exhibited their first yielding in the hogging region. Thus, the comparisons provided below are
based on the yielding load of tension steel in the hogging region.

- Influence of the axial stiffness ratio: The load-strain diagrams show that both forms of
CFRP (sheets and plates) allow an increase in the yielding load. This increase was
found to be approximately 29.6% and 29.2% for beams BC1-EB1S (171.4 kN) and
BC2-EB1P (170.9 kN), respectively. Such similarity in the yielding load values of the
aforementioned beams, despite the different forms of CFRP used, is most probably
due to the affinity of the axial stiffness ratio, which is nearly 1.13 in BC1-EB1S and
1.16 in BC2-EB1P. Similarly, the yielding loads of beams BC4-EB2S (190 kN), BC5-
EB1S-weight (700) (172.2 kN), and BC6-EB1S-weight(1100) (210.5 kN) increased
by 43.6%, 30.2%, and 59.1% respectively, over the control beam. The axial stiffness
ratio of beams BC4-EB2S, BC5-EB1S-weight (700), and BC6-EB1S-weight (1100)
was about 1.26, 1.17, and 1.33, respectively. It was also found that positioning the
CFRP sheets on the side instead of the bottom/top surfaces has a negligible effect.
Although the position of the CFRP has changed, the yielding load of BC3-EB1S-side
(166.1 kN) was about 97% that of BC1-EB1S. The axial stiffness ratio of beam BC3-
EB1S-side was similar to that of beam BCI1-EB1S. Fig.19 shows the relationship
between ereasine the axial stiffness ratio and the yielding load of EB-CFRP beams.

Fig. 20 shows a plot of the total applied load versus tensile strain in the CFRP composites
at the midspan and over the intermediate support of the tested beams. The maximum recorded
tensile strain values in the CFRP materials obtained from the experimental investigations of
beams BC1-EB1S, BC2-EB1P, BC3-EB1S-side, BC4-EB2S, BC5-EB1S-weight (700), and
BC-EB1S-weight (1100) were found to be, respectively, 0.0113 (66%), 0.005 (29.4%), 0.0114
(67%), 0.0068 (40.1%), 0.0082 (48%), and 0.0069 (40.4%) at the midspan and 0.0082 (48%),
0.0061 (35.9%), 0.0106 (62%), 0.0075 (44.2%), 0.0085 (49.8%), and 0.0051 (30.2%) at the
intermediate support. The values in parentheses represent the percentages of the maximum

ax

recorded strain (¢7%%) to the ultimate strain (%) of the CFRP. On the basis of the above
results, the following points can be made:

- Influence of the CFRP form: Using EB-CFRP plates instead of EB-CFRP sheets
significantly decreases the maximum tensile strain of CFRP and, hence, decreases the
probability that its capacity could be further exploited. Such decrease is due to the
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early IC debonding failure that was observed in the plated beam in comparison to the
sheeted beam, as discussed in Section 3.1.2.2.

- Influence of the CFRP sheet position: Among all the tested beams, the largest
maximum strain was achieved by bonding CFRP sheets to the side surfaces of beam
BC3-EB1S-side. It should be noted that, in the side-bonded beam, the tensile stress
distribution of CFRP varies along the width of the sheets. This variation allows the
extreme top carbon fibers in the hogging region and the extreme lower carbon fibers
in the sagging region to elongate rapidly before the global debonding failure occurs,

as presented in Flgs 2()c and 20d. %Haﬂaﬂeﬂ—be%en—bh%s&ams—ef—thﬁep—aﬂd

- Inﬂuence of the CFRP sheet area: Increasmg the CFRP remforcement area through
the number of CFRP sheet layers (BC4-EB2S) and the weight of the carbon fibers
(BC5-EB1S-weight(700) and BC6-EB1S-weight(1100)) was found to have a similar

impact on the maximum strain of EB-CFRP sheets (efxp ). Both process significantly

decreased the value of €flg¥" in the hogging and sagging regions. For example the
debonding strain of CFRP sheet in the hogging region decreased from 0.0113 in
beam BCI1-EBI1S to 0.0068, 0.008, and 0.0069 in beams BC4-EB2S, BC5-EB1S-
weight (700), and BC5-EB1S-weight (1100), respectively. The relationship between
increasing the CFRP reinforcement area and debonding strain is presented in Fig. 21.

This relationship was found to be nonlinear for both hogging and sagging regions.
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3.1.5 Moment redistribution

Although a considerable number of studies have addressed the behavior of statically
determinate members, such as SSBs strengthened with FRP composites, few research studies
have focused on the behavior of strengthened indeterminate members, such as continuous
beams. Redistribution of the bending moment in ordinary continuous RC beams can be
attributed to the structural redundancy and nonlinear behavior of RC. Such redistribution is
affected by several factors, such as the quantity, arrangement, and mechanical characteristics
of the internal steel; loading arrangement; geometry of the member; and the width and regions
of the internal supports. Nonlinear analysis is an accurate approach for calculating the actual
internal forces. However, existing building codes [39-41] allow us to takeing advantage of
linear-elastic analysis with moment redistribution (15%-30%) for conventional structural
designs. This means that the incorporation of moment redistribution in structural analysis is
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reasonable and accurate to reduce the differences between the results of linear-elastic analysis
and actual internal forces, which emerge as a result of the nonuniform stiffness distribution.

In ordinary indeterminate RC beams, the moment redistribution primarily depends on the
amount of tension steel reinforcement (pg) in the bending moment regions. At the ultimate
state, moment transfer occurs from the hogging region (h) to the sagging region (s) when
pl/ps is not greater than 1.0, whereas when pf/p$ is greater than 1.5 moment transfer occurs
from the sagging region to the hogging region. However, when p!/p? lies between 1.0 and
1.5 the moment transfer is indistinct.

It should be noted that existing building codes [39-41] often tend to be conservative and do
not allow moment redistribution for FRP strengthened structures, regardless of the amount of
steel reinforcement at the critical sections. These codes prove that moment redistribution is a
phenomenon that is mainly associated with flexural ductility, whereas FRPs are brittle
materials. In addition, applying FRPs to strengthen and retrofit RC beams usually leads to
nonconventional failure modes, such as IC debonding and peeling-off in the case of externally
bonded laminates and pull-out in the case of internally bonded bars. These nonconventional
failures may lead to a significant reduction in the beam’s ductility state and its degree of
moment redistribution (f). However, despite being very limited in number, previous studies
on EB-CFRP strengthened RC beams have indicated that moment redistribution is possible to
some extent at the ultimate state, as shown in Table 5. In fact, moment redistribution is not
only occurs at the ultimate state but also evolves throughout the whole loading process, even
before the formation yielding of the tension steel reinforcement. According to the
experimental results obtained from the tests performed in the present research, evolution of
moment redistribution also seems to be significantly influenced depending on the
strengthening state of the beam, as shown in Fig. 22.

In general, the degree of moment redistribution () can be quantified using the values of
flexural moments at the critical sections of a beam [45], as provided in Eq. 1, where M ¢, is
the theoretical bending moment calculated on the basis of the linearly elastic statement and
M.y, is the actual bending moment calculated from the experiment after moment

redistribution:

MTh _ MEXp

B (%) = (

Fig. 23 shows the experimental and elastic bending moments at the critical sections
induced by the applied load, and the evolution of the moment ratio. The sagging bending
moment (M;) is presented with a positive sign, and the hogging bending moment (M) is
presented with a negative sign. The experimental (M;)erp, and (My)ex, values were
calculated using Eqgs. 2 and 3, respectively, and the elastic (M;),; and (M,),; values were
calculated using Eqs. 4 and 5, respectively (see, Fig. 24). Overall, the experimental moments
differed from the elastic ones, particularly after the concrete cracking load was reached. For
all the tested beams, the elastic moment ratio (M, /M,),; remained constant over the loading
process, whereas the experimental moment ratio (M;/M;)c,, varied from one beam to
another.
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As can be seen in Fig. 23, the development of the actual moment ratio (M;/M3)cyp is
strongly associated with the strengthening scenario applied. A decrease in (My/M;)cxp
indicates moment redistribution from the midspan toward the intermediate support, an
increase in (M, / Mz)exp indicates moment redistribution from the intermediate support toward
the midspan, and stabilization of (M;/M;)cy, indicates the stabilization of moment
redistribution. It has also been shown that the majority of the moment redistribution, despite
being limited, occurred in the stage between the concrete cracking and the first steel yielding.
In this stage, the moment clearly transferred from the hogging region to the sagging region in
beams BCI1-EB1S, BC5-EB1S-weight (700), and BC6-EB1S-weight(1100), whereas it was
pendulous about the elastic moment ratio (M;/M,)¢; in beams BC2-EB1P and BC3-EB1S-
side. The direction of moment transfer was totally changed when the number of CFRP sheets
layers was increased. This can be observed in beam BC4-EB2S, in which the moment was
transferred from the sagging region to the hogging region. However, after the yielding of the
tension steel bars, slight moment redistribution occurred in all the beams, which may could be
attributed to the fact that a similar amount of steel reinforcement was used in the beam’s
critical sections.

At the ultimate state, using EB-CFRP composites significantly decreased the moment
redistribution degree () of two-span continuous RC beams. The value of 3 for the control
beam was +20.53% at the central support and -12.43% at the midspan. With regard to
strengthened beams, beams BCI1-EB1S, BC2-EB1P, BC3-EB1S-side, BC4-EB2S, BCS5-
EB1S-weight(700), and BC6-EB1S-weight(1100) were found to have moment redistribution
degrees of, respectively, +13.87%, +2.72%, +1.48%, -17.44%, +9.8%, and +6.1% at the
central support, and -8.32%, -1.63%, -0.89%, +10.46% , -5.9%, and -3.7% at the midspan.
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Table 5: Moment redistribution, as reported from literature, for continuous beams strengthened with EB-FRP at the ultimate state level.

Refrence glgrg?geﬁfif)i?i Strengthening scenario Failure mode Mid-support (%) Mid-span (%)
Control beam Flexural failure 16.06 -9.62
EB-One sheet-CFRP in S and H ® rupture of top CFRP 8.22 -4.92
H. Akbarzadeh =~ Two-span beams . IC debonding of FRP sheet and rupture of end strap at
etal. [7] 150% f 70%6000 EB-Two sheets-CFRP in S and H & hogging regionp P 3.57 -2.13
EB-Three sheets-CFRP in S and H IC debonding at hogging region 1.51 -0.71
EB-Three sheets-GFRP in S and H IC debonding at hogging region 3.81 -2.34
Control beam Flexural failure -0.08 0.05
M. A Aiello Two-span beams EB-One sheet—CFRP inS ‘ . 12.23 -8.82
et al. [42] 1502003500 EB-One sheet-CFRP in S and H Detaching of the FRP sheer together with concrete 3.88 -2.78
EB-Two sheets-CFRP in S crushing 25.75 -18.57
EB-One sheet-CFRP in H -16.10 11.57
Control beam Flexural failure 8.98 -5.37
EB-Two layers of C-FRCM in S and H Flexural failurq apd slippag‘e.of carbog fabric meshes 6.02 3.63
R. Feng Two-span beams within cementitious matrix
etal. [43] 150x250%2400 Flexural failure, slippage of carbon fabric meshes
EB-Three layers of C-FRCM in S and H within cementitious matrix, and debonding of C- 5.45 -3.25
FRCM from concrete substrate
EB-One CFRP plate in H 35 N.A.®
2&210&1}41]"“ 2?;’;{’;8)?;8&’; EB-One CFRP plate in H CFRP plate debonding 36 N.A.
' EB-One CFRP plate in H 28 N.A.
(1) Beam dimension: widthxdepthXxtotal length, all dimensions are in mm, (2) N.A. : data not available, (3) S: sagging region and H: hogging region.
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Fig. 24: Schematic drawing for loads and moments of tested beams.

3.2 Beams strengthened with NSM CFRP reinforcements

This section presents the main experimental results obtained from testing two continuous RC
beams strengthened with NSM CFRP bars technique. In addition, it compares and assesses the
effectiveness of the EB CFRP technique in strengthening continuous RC beam with respect to
the NSM technique. To this end, the experimental results of the NSM beams (BC1-NSM and
BC2-SNSM) were compared with the experimental results of EB beams (BC1-EB1S and BC3-
EB1S-side) from the previous section (section 3.1).

3.2.1 Overall performance

Table 6 presents a comparison between the main experimental results of the NSM beams and
those of the EB beams in terms of the load-carrying capacity (P,), attained central reaction at the
ultimate load level (R.), ultimate bending moment in the hogging (MEXP) and sagging (Ml3 Py
regions, moment redistribution ratio (8), ductility index (p), and energy absorption capacity
(Eap)- The ductility index () is defined as the ratio of deflection at the ultimate load to that at
which the steel starts yielding. The energy absorption capacity (E,p) is calculated en-the-basis-of
from the area under the load-deflection curve up to the ultimate load.

In general, despite the smaller CFRP reinforcement area, continuous RC beams internally
strengthened with CFRP rods exhibited a better flexural performance than that of beams
strengthened externally with CFRP sheets. The same was also true regarding the ultimate
strength capacity, moment redistribution capability, ductility state, and energy absorption
capacity. This overall improvement is most likely attributed to the fact that the NSM-CFRP rods
were located inside the strengthened members, providing an advanced level of strengthening that
is less prone to premature failure and has high bonding efficiency. Indeed, according to the test
results, the NSM technique showed a higher capability than that of the EB technique to delay the
debonding failure. This can be clearly seen in Figs. 25 and 26, which present the variations in the
longitudinal tensile strain of the CFRP under several load levels. It can also be observed that the
debonding strain in beam BCI1-NSM was 51.5% greater than that in beam BCI1-EBIS and,
similarly, 17.6% greater in beam BC2-SNSM than in beam BC3-EB1S-side.
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Table 6: Comparison between the test results of the NSM/SNSM beams and EB beams

Central support ~ Flexural moment at hogging  Flexural moment at sagging

Beam llilatén(l;&; reaction!!) (Myp) M) put7 Eqp'™
u R, fop 21 MIRBL B(%) fop 4 MTRSE B(%)E

CB 169.7 110.1 36 453 20.53 42.5 37.8 -12.43 4.8 8082.8

BC1-NSM 277.1 180.3 59.5 74 19.59 69 61.7 -11.83 3.3 10356.6

BC2-SNSM 250.1 166.6 59.3 67 11.49 59.4 55.6 -6.92 3.6 11242.1

BCI-EBI1S 2194 145.1 50.5 58.6 13.87 52.9 48.9 -8.32 2.2 6044.3

BC3-EB1S-side 205.5 140.7 54.1 54.9 1.48 46.2 45.8 -0.89 2.8 6994.7

(1) Central reaction measured by attached load cell at ultimate load P,. (Both in kN); (2) Experimental ultimate negative moment

calculated by: fo” = w, where L is the beam length. (kN.m); (3) Theoretical ultimate negative moment calculated
by: M,fh = %. (kN.m); (4) Experimental ultimate positive moment calculated by: MSE P — W . (kN.m); (5) Theoretical
SPul

L. o mTh_pExp
o (KN.m); (6) Moment redistribution calculated by: B (%) = (T) X

100%. ; (7) Ductility index.; (8) Energy absorption capacity. (kN.mm).

ultimate positive moment calculated by: M!" =

3.2.2 Failure mode and cracks maps

As stated in Section 3.1.2, the failure that occurred in the EB beams was primarily debonding
of the CFRP sheets and plates at the critical sections as a result of the IC followed by either CCD
or CFRP rupture. Table 7 presents the failure modes and crack maps of the NSM beams. The
typical failure mode was yielding of the tension steel followed by debonding of the CFRP bars.
No delamination of the concrete cover or rupture of the CFRP bars was observed. Notably, the
debonding failure of beam BC1-NSM was brittle as a consequence of the sudden pulling-out of
the CFRP bars in the hogging region close to the central support, accompanied by with minor
concrete crushing at the applied load points. The debonding failure of beam BC2-SNSM was
characterized by the cracking of the epoxy-resin cover and the fracture in the concrete at the
hogging and sagging regions, with high-intensity concrete crushing at the applied load points and
minor concrete crushing at the central support. It was also found that, in each beam, one end of
the CFRP bars moved from its initial position to the central support, indicating that the
debonding failure primarily occurred at the resin-CFRP interface, not as a result of the IC. This
finding confirms that the NSM-CFRP bars in continuous RC beams are less sensitive to
debonding phenomena due to the IC, which is similar to the results observed in SSBs [24].

The number of cracks at the failure stage was also found to be lower in the EB beams than
that reported in the NSM beams, especially in the hogging region. Compared to the control
beam, the number of cracks in beam BC1-NSM was higher by 200% (189% for BC1-EB1S) and
62.5% (125% for beam BCI-EB1S) in the hogging and sagging regions, respectively, whereas
the number of cracks in beam BC2-SNSM was higher by 250% (63% for beam BC3-EB1S-side)
in the hogging region and 193.8% (19% for BC3-EB1S-side) in the sagging region.

3.2.3 Yield and ultimate strength capacity

Although the axial stiffness ratios of beams BC1-NSM, BC2-SNSM, BC1-EB1S, and BC3-
EB1S-side were very close, the amount of CFRP reinforcement used to strengthen the EB beams
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(BC1-EB1S, BC3-EB1S-side) was nearly 1.27 times that used to strengthen the NSM beams
(BC1-NSM, BC2-SNSM). According to Fig. 27, the tested beams, regardless of the
strengthening technique used, displayed an almost similar identical response in the elastic stage
(i.e. before the concrete cracking). In the postcracking and postyielding stages, however, the
flexural stiffness, yielding load, and ultimate load of the NSM beams were considerably higher
than those of the EB beams. The tension steel in the hogging region of beams BC1-NSM and
BC2-SNSM yielded at a load of 195.1kN (13.8% increase over BC1-EB1S) and 180.8 kN (8.9%
increase over BC3-EB1S-side), respectively. Similarly, the ultimate strength capacity of beams
BCI1-NSM and BC2-SNSM was about 277.1 kN (26.3% increase over BC1-EB1S) and 250.1 kN
(21.8% increase over BC3-EB1S-side), respectively. These results indicate that improving the
flexural behavior of continuous RC beams is more dependent on the strengthening technique
used than on the CFRP reinforcement amount or axial stiffness ratio applied. This was also true
regarding beam BC4-EB2S (see Fig. 18), in which the area of the CFRP sheets (two layers) was
nearly 2.5 times that used to strengthen beam BC1-NSM (206). Moreover, the yielding and
ultimate capacity of the latter beam (BC1-NSM) were still greater by about 2.7% and 14.3%,
respectively. Therefore, it was is confirmed that the NSM technique is more efficient than the EB
technique.

In general, positioning the CFRP reinforcements on the vertical sides instead of the
bottom/top sides decreases the effective arm depth of the tension reinforcements, thereby
decreasing the yield and ultimate strength of the beam. In this study, the reduction in the ultimate
strength due to changing the position of the CFRP was marginally affected by the strengthening
technique used. The percentage drops of the ultimate strength for beams strengthened with EB
sheets and NSM-CFRP rods were 6.4% and 9.7%, respectively. In SSBs, however, this
percentage drop was 16.1% in the EB-CFRP beams [10] and 12.9% in the NSM-CFRP beams
[11].

16000

+0.00

~ 12000 t
8000 +

4000 + .
Exterior support

4000 T --50kN Centre;il support

Strain of CFRP bars (micron

- 100kN | !
8000 T 4 150kN . ; . !
12000 + -%200kN | At peak load ! ! |

#-277.08 ! | i !
16000 '

Beam length (mm)

(a) BCI-NSM

(35)



16000
12000

8000

4000 .
Exterior support

-6-50kN
- 100kN .
—-A-150kN |
-%-200kN :At peak load
-@-250.1kN |

4000

8000

Strain of CFRP bars (micron

12000

16000 - -
Beam length (mm)

(b) BC2-SNSM
Fig. 25: Variation in longitudinal strain of NSM-CFRP bars at different loads

12000

S S R 3 IS 2
8 Iol\o |$ I(’:) 'B S
T 1+ ¥ i e &
=8000 1 : : | | |
o | I I | |
5 | ! | | I
o ! | | | I
€ 4000 1 ! Straingauge is ! | | I
% ,  hot working 1 !
© Exterior support | |
o] ! I ;
o 0
o | |
) --50kN | c tl l "
S ! entral suppo
< 4000 T g 100kN | | :
J< - 150kN | 71 i :
d 8000 + %-200kN : : |
1 ! I |
e219.4kN o Atpeakload |
12 ' I I |
000 Beam length (mm)
(a) BCI-EBI1S
12000 S S
< &
8000 1 :
4000 + E
Exterior support |
1

Strain of CFRP bars (micron)
o

1 : /

4000 - E Centr;al support
-=-100kN | ; | |
8000 1 —+150kN
-0-205.4kN | Atpeak load : ! !

12000

Beam length (mm)

(b) BC3-EBI1S-side
Fig. 26: Variation in longitudinal strain of EB-CFRP bars at different loads.

(36)



3.2.4 Moment redistribution

As discussed previously in Section 3.1.5, strengthening continuous RC beams with EB-CFRP
sheets significantly decreases the moment redistribution degree at the ultimate state and can even
change the direction of redistribution depending on the strengthening state. However, by
comparing the moment redistribution values of beams BC1-NSM and BC2-SNSM with those of
the RC beam strengthened with EB-CFRP sheets (BC1-EB1S, BC3-EB1S-side), it can be
concluded that applying the NSM technique allows a higher moment redistribution value at the
ultimate state, as shown in Table 6. Further research studies are strongly recommended in this
direction.
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Fig. 27: Load deflection curves of NSM/SNSM beams and EB beams

(37)



Table 7: Crack maps and failure mode of the NSM beams

Beam Cracks map Failure mode

o LS,

Central support Left span Right span

Debonding: Pull out of the CFRP bars in the hogging region

BC2-SNSM Ar/(/(/ﬁ(///dtqu WMW J\QN\M\ n

Central support Left span Right span

Debonding: Cracking of the epoxy-resin cover and fracture in the concrete in the
hogging and sagging regions




4. Evaluation of the effectiveness of the current guidelines in determining the flexural
strength of EB-CFRP continuous beams

In this section, three analytical models for the estimation of the flexural capacity of RC beams
strengthened with EB-CFRP sheets/plates are analyzed. The experimental ultimate bending
moments of EB-CFRP beams were compared with the design ultimate bending moments
computed using the formula provided in the American ACI 440.2R-08 [30], Italian CNR-DT 200
R1/2013 [37], and technical report of FIB Bulletin 14 [38]. Notably, the compressive strength of
concrete cylinders (f;) is normally used in these guidelines, which is determined in the
laboratory in this study. It is important to note that the ultimate compressive strain of concrete
(e.,,) defined in the aforementioned design guidelines is different. In ACI 440.2R-08 [30], ., is
defined as 0.003, whereas it is defined as 0.0035 in CNR-DT 200 R1/2013 [37] and FIB Bulletin
14 [38]. These three guidelines include the same procedure for calculating the depth of the
neutral axis based on the strain compatibility and internal forces equilibrium. However, they
feature different assumptions regarding the effective strain of EB-FRP composites, as will be
discussed in detail in the following sections. The steel reinforcement used was elasto-plastic with
an elastic modulus of 192.85 GPa, and the material behavior of the CFRP reinforcement was
linearly elastic until failure, which is defined by the manufacturer and the current design
guidelines.

4.1 ACI 440.2R-08 [30]

According to the ACI 440.2R-08 guideline, the tensile strain of the external CFRP composite
should be limited to the debonding strain &4, as provided in Eq. 6, where; f¢' is the compressive
strength of concrete; n, Ef, and t are the number of layers, modulus of elasticity, and thickness
of the CFRP, respectively; and &f, = Cye;, is the design rupture strain, which is calculated by
considering reduction for environmental exposure condition. In this study, an environmental
reduction factor (Cg) of 0.95 is considered.

f'cl

Efd =041
nEftf

< 0.9¢f, (6)

The effective level of strain in the CFRP (g.f), concrete (&), tension steel (&), and

compression steel (&) can be estimated using the following strain compatibility equations:

df —c
€ef = Ecu (fT) < &q (7
C
Ec = Eof (E> @)
_ d—c ©)
€ = Eef(df _ C)
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c—d

& = Eef(—) (10)
f—C
where ¢ is the depth of the neutral axis, which is calculated using the internal force
equilibrium:
o, Bifebe + Afy = Afg + Agfre an

where a; (Eq. 12) and B; (Eq. 13) are the concrete stress block factors, and €, (Eq. 14) is the
compressive strain of unconfined concrete. Hence,

_ 3ec(ec — £)

12
= 3B1ed (12
4e. — €.
=—— - 13
B1 6€l. — 2¢€, (13)
, L7 (14
€ = E

Eolowing-the-abeve-indications; The flexural strength of the strengthened section (M,,) can be
calculated as provided in Eqgs. 15-17. In these equations, M,,; and M, are the steel and CFRP

contribution to bending, respectively; @ and ¢ are the strength reduction factor (@ = 0.9) and
additional recommended reduction factor () = 0.85) on the flexural strength contribution of the
CFRP reinforcement, respectively; As; and Ay are the areas of the tension steel and CFRP,

respectively; and d and dy are the effective depths of steel and CFRP, respectively. Hence,

OM;, = O[Mps + WMy (15)

My = Agfy(d — B2 (16)
_ Bic

Mps = Agfre (ds — T) (17)

4.2. CNR-DT 200 R1/2013 [37]

According to the Italian CNR-DT 200 R1/2013 guideline, the tensile strain of the external
CFRP composite should be limited to &4, as provided in Eq. 18, where n, (0.85) is the
environmental conversion factor, y; is the material safety factor (1.1 for the ultimate limit state),
&k = fE—ffk is the CFRP characteristic failure strain, and &¢qq4 1s the CFRP IC-induced debonding

strain. Hence,

Ny €k

;g = min[ » Efddl (18)

Yt

The CFRP IC-induced debonding strain can be determined as follows:
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€dd = %\/Zti(g;%z Viem-feem = &y — € (19)

where k, is a coefficient that considers load distribution and is equal to 1.25 for distributed
loads and 1.0 for all other load configurations; ysq is a safety factor that depends on the
probability associated with debonding failure, which can be chosen by the designer in the range
between 1.20 and 1.50; FC is a calibrated factor of confidence related to the level of knowledge
of the element to be strengthened; k., is a corrective factor calibrated on the experimental results
and is equal to 0.10 mm irrespective of the type of reinforcement; f.,, and f.,, are the concrete
mean compressive and tensile strength, respectively; &gy is the design yield strain of the steel
reinforcement; €, is the maximum tensile strain present before the FRP is applied; and ky, (Eq.
20) is the geometrical corrective factor, which is a function of the ratio between the CFRP and
the concrete width (bg/b):

_ 2—b¢/b
ky, = /_1+bf/b > 1 for by/b = 0.25 (20)

For a bond length (l;,) shorter than the design optimal bond length (l,4), the debonding strain
(€rqq) should be reduced to the plate-end debonding strain as follows:

kq [2kpk 1 1
q b®G2 b b
=— S f. —(2—-——)> — 21
€fdd Yf_d\/thfFC cm- ‘ctm led( led) =Z &y — & ( )
where
ed = Min[— , mm
YRd 8kka2\/ 1:cm- 1:ctm

In which S, is the FRP-concrete interfacial debonding slip and ygr4 is the partial factor for
resistance models (assuming yz; = 1 in this study).
However, the CNR-DT 200 R1/2013 guideline classifies the failure mode of the strengthened

section into two categories: (i) failure due to concrete crushing if ug > pry_, and (ii) failure due
to rupture of the FRP if uy < pgi_5, in which pr and psy_, are defined in Eq. 23 and Eq. 24,
respectively. In the case of failure due to concrete crushing, the effective strain in the CFRP (&),
concrete (&), tension steel (&g1), and compression steel (&g,) can be obtained from Eq. 25. In the

case of failure due to rupture of the FRP, the effective strain in the materials can be obtained
from Eq. 26.

_ be(nete)faq 2
M= —Fbd (23)
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=—— (-
Hf1—2 e+ e+ oy us(1 —u) (24)

€
CFRP sfz%(h—x)—so < g4
Concrete € = €y
d—x
< Tension steel €1 = €y —— (25)
: X —d;
| Compression steel €2 = €cu
CFRP & = &€¢q
X
Concrete € = (&q + €9) m < €y
—X
d—x
) Tension steel g1 = (g/q + €0) — (26)
. X —d,
| Compression steel €2 = (&g + &) T x

Eollowing-the-abeve-indieations; The flexural strength of the strengthened section (Mg,) can

be calculated as follows:

Mpq = ﬁ [Wbxfeq(d — AX) + As2052(d — d2) + Aford, ] (27)

where 1 and A are nondimensional coefficients representing the intensity and position of the
compressive concrete resultant, respectively; f.; is the design concrete compressive strength;
d,d; and d, are the effective depths of the tension steel, CFRP, and compression steel,
respectively; g, is the stress in the compression steel; of is the stress in the CFRP; Ag, and Ay
are the areas of the compression steel and CFRP, respectively; and x is the depth of the neutral
axis, calculated as in the following equation:

0 = Ybxfeq + As205; — Ag1051 — AfO¢ (28)
4.3 EIB fib Bulletin 14 [38]

Although the technical report of EBB fib Bulletin 14 provides a formula (Eq. 29) for limiting
stress in the FRP composite in the service limit state, it does not provide a specific formula for
reducing the strain of the external CFRP composite during analysis in the ultimate limit state.
The only check provided in the ultimate limit state so far is the straining of the FRP (&f) not
exceeding the ultimate strain (&r,4) when a conventional failure occurs. The design bending
moment of the strengthened cross section (Eq. 30) is calculated on the basis of the general
principles of the RC design [36]. The neutral axis depth (x) is calculated from the strain
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compatibility and internal force equilibrium, and the design moment is obtained from the
moment equilibrium:

h—X
OFRp = Ef(EcX_e —€p) < nfg (29)

where X, is the neutral axis depth; 1 is the FRP stress limitation coefficient, which depends on
the type of FRP and should be obtained through experiments; the suggested n value for the
CFRP is 0.8; and ffy is the characteristic value of the FRP tensile strength:

MRd = Aslfyd(d - 6GX) + AfEfEf(h - SGX) + ASZESESZ (SGX - dz) (30)

where 6 = 0.4 is the coefficient of the rectangular stress centroid for concrete in
compression and X is the depth of the neutral axis, which is calculated as follows:

0.851|chde + AszEsssz = Aslfyd + AfEfEf (31)

In Eq. 31, y = 0.8 is the coefficient of the rectangular stress area for concrete in compression.

It is worth noting that, in the case of failure due to the FRP reinforcements, EIB fib Bulletin
14 [34] provides modifications for the values of 8 and s as follows:

100z, (0.5 — 22, ) for & < 0.002
L P 30()208c for 0.002 < ¢, < 0.0035 (32)
( 8—1000¢,
. (6 = 1000z,) for e, < 0.002
G~ )1000.(3000g, — 4) + 2 (33)

for 0.002 < &, < 0.0035
2000,(3000s, —2) " =& =

4.4. Comparison of the ultimate bending moment obtained from tests and current design codes

The experimental ultimate bending moments of the EB-CFRP beams were compared with the
design ultimate bending moments obtained from the American ACI 440.2R-08 [30], Italian
CNR-DT 200 R1/2013 [37], and technical report of EHB fib Bulletin 14 [38]. Comparisons
regarding are listed in Table 8. It is worth noting that the design formulas provided in these codes
do not include the mechanical properties of adhesive resin materials, however, they generally
provide an acceptable prediction of the beam’s flexural strength. The main observation pertained
to the prediction accuracy for the flexural strength of multi-layer CFRP sheet beams, which was
low and did not reflect the actual value. However, the mean values of the design-to-experimental
bending moment ratios (Muc;/Mgxp, Mcnr/Mgxp, and ~ Mgg/Mg,,) were found to be,
respectively, 0.89, 0.88, and 1.06 in the hogging region and 1.01, 0.97, and 1.21 in the sagging
region. Therefore, it can be concluded that the American ACI 440.2R-08 [30] and Italian CNR-
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DT 200 R1/2013 [37] are relatively more conservative and appropriate than the technical report
of EIB fib Bulletin 14 [38] in terms of predicting the flexural strength of RC continuous beams
strengthened with EB-CFRP.
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Table 8: Comparison of the ultimate bending moment obtained from the tests and current design codes.

Experimental ultimate ACI 440.2R-08 [30] CNR-DT 200 R1/2013[37] EIB fib Bulletin 14[38]

bending moment, Mey,,

Specimen Myc Mg

Hogging ((fll;N.rré)zlgging (s) Ny Mt/ M (IIZ\CI{\?‘) Mowe/ Mo gy Mre/Mewo
CB 36 2.5
BCI-EBIS 50.5 52.9 48.87 g:gzgg 48.90 8:3;2’3 53.9 ig;ﬁ’sl;
BC2-EBIP 474 413 41.49 ?:ggg 40.10 g:gg((g 57.26 igi’g
BC3-EB1S-side 54.1 462 46.14 ?:gggg 47.54 (1)3;2’5‘; 50.94 ?‘iggg
s w s B e SR w0
Do 00) 52.9 st7 0 strs T stas b0 906 Al
32222;3;)) 63.82 58.76 58.88 ?-_3(2)2’5‘)) 58.74 (1)'.?)(2)2}3 2184 igg
Mean Lot 0576) 12165
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5. Conclusion

In this study, a total of nine beams were experimentally tested (i) to primarily investigate the
effectiveness of the EB technique in improving the flexural performance of two-span RC beams
in terms of important influential factors, such as the position, form, and reinforcement ratio of
the CFRP, as well as the weight of carbon fibers; (i) to evaluate the effectiveness of the current
guidelines in determining the flexural strength of continuous RC beams strengthened externally
with CFRP; and (iii) to assess and compare the efficiency of the EB technique in strengthening
continuous beams to that of the NSM technique.

Regarding the effectiveness of the EB technique in improving the flexural performance of two-
span RC beams, the following conclusions can be drawn:

1) Regardless of the strengthening scenario applied, all the strengthened beams displayed an
improvement in their flexural strength in comparison to the unstrengthened control beam.
Sueh-an The increased in the percentage of the yield and ultimate load as a result of the CFRP
composites ranged from 25.5% to 59.1% and from 7.6% to 49.8%, respectively.

2) Increasing the carbon fiber weight per unit area was found to be effective in improving the
strength capacity of the beam and it may be used as an alternative to multiple sheet layers, but
this efficiency was conditional upon the total axial stiffness ratio of the beam and the proper
adhesive resin used. The failure load of beam BC5-EBI1S (one sheet, weight: 700 g/m?, axial
stiffness: 1.17, Epx TFC 350) was found to be 99.2% of the total failure load of beam BC1-
EBIS (one sheet, weight: 350 g/m?, axial stiffness =1.13, Epx TFC 350), whereas the failure
load of beam BC6-EB1S (one sheet, weight: 1100 g/m?, axial stiffness =1.33, Epx TFC 1000)
was found to be 116% of the failure load of beam BC1-EB1S. 104-9%of-the-total-fatlure load
ol beam BC4-EB2S (two sheets. 350-o/m?)

3) Bonding the CFRP sheet on the side surfaces may be a feasible alternative to bonding on the
bottom/top surfaces. Compared to beam BC1-EB1S, the decreases observed in the yield and
ultimate load of beam BC3-EB1S-side were only 3.1% and 6.4%, respectively.

4) Moment redistribution analysis showed that the majority of moment redistribution occurred in
the stage between the concrete cracking and the first steel yielding for all the tested beams,
while slight moment redistribution occurred during later stages atter-that.

Regarding the comparison between the two strengthening techniques, NSM and EB, the
following conclusions can be drawn:

1) The NSM technique allows the CFRP tensile strength to be better exploited than the EB
technique. The debonding strain in beam BC1-NSM was found to be 51.5% greater than that
in beam BCI1-EBIS and was also 17.6% greater in beam BC2-SNSM than in beam BC3-
EBIS-side.
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2) The flexural stiffness, yielding load, ultimate load, ductility state, and energy absorption
capacity of the NSM beams were found to be considerably higher than those of the EB beams,
confirming the higher efficiency of the NSM technique in comparison to the EB technique.

3) The NSM-CFRP bars in continuous RC beams were found to be less sensitive to debonding
phenomena caused by the IC, which is not the case in EB-CFRP. The failure of the EB beams
was characterized by debonding of the CFRP composites at the critical sections as a result of
the IC followed by either CCD or CFRP rupture.

4) The NSM technique allows a higher moment redistribution value at the ultimate state than that
achieved with the EB technique. Beams BC1-NSM and BC2-SNSM were found to exhibit
moment redistribution degree of +19.59% and +11.49% in the hogging region and -11.83%
and -6.92% in the sagging region, respectively, whereas their counterpart EB beams exhibited
values of +13.87% and +1.48% in the hogging region and -8.32% and -0.89% in the sagging
region.

Regarding the evaluation of the effectiveness of the current guidelines in determining the
flexural strength capacity of continuous RC beams strengthened externally with CFRP, the
following conclusion can be drawn:

The current design guidelines provide an acceptable prediction regarding the ultimate
strength of beams strengthened with one layer of CFRP composites, however, whereas they
show a low accuracy in predicting the ultimate strength for beams strengthened with multiple
CFRP layers.
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Highlights

The side bonding technique is a convenient alternative to the conventional EB and NSM
techniques for strengthening continuous RC beams.

Increasing the carbon fiber weight per unit area was found to be effective in improving
the strength capacity of continuous RC beams and it may #se serve as an alternative to
multiple sheet layers.

The majority of the moment redistribution of EB-CFRP beams occurred in the stage
between the concrete cracking and the first steel yielding.

The current design codes can accurately predict the ultimate strength of continuous RC

beams strengthened with one CFRP layer, but not with multiple layers.
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= The test results confirm that the NSM system is more efficient than the EB for the

strengthening of continuous RC beams. aleow—confirming—the hicherefficiency—ofthe
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