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Abstract

Reinforced concrete (RC) beams strengthened in flexure using externally bonded (EB) or near-surface mounted (NSM)
fiber-Reinforced Polymers (FRP) and metals have gained considerable interest over the last few decades. As few of the pre-
vious review papers concerned with NSM elements or both EB and NSM methods so this paper aimed to review the previ-
ous research that handled the behavior of RC beams strengthened by NSM and EB techniques, compared their advantages
and disadvantages and reported the future recommendations. Moreover, the review focused on the effect of strengthening
materials (metallic and FRP materials), strengthening method, strengthening elements characteristics (shape and area), and
any other factors affecting the performance of the strengthened RC beams in each technique. The review demonstrated that
the strengthening element’s failure mode significantly affects the RC beams’ load-carrying capacity strengthened by EB or
NSM. Moreover, the type of FRP materials and the end anchorage significantly affect the load efficiency of the strengthened

RC beams depending on the type of failure mode.

Keywords Fiber-reinforced polymer (FRP) - Externally bonded (EB) - Near-surface mounted (NSM) - Load capacity -

Failure modes - End anchorage

Introduction

The deterioration of reinforced concrete (RC) structures
leading to a loss in strength became a communal problem
that could be attributed to many causes, from corrosion and
chloride attack to inadequate design. Increasing required
load specifications or live loads might also be another issue.

Using fiber-reinforced polymers (FRP) composites
as strengthening reinforcement has been proven to be an
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effective and efficient solution [1]. The FRP composites
involve continuous fibers embedded in a polymeric matrix
that link the substrate and fibers, transmitting stress from one
to the other [2]. The bonded FRP materials may be carbon
fiber-reinforced polymer (CFRP) or glass fiber-reinforced
polymer (GFRP) plates/bars [3]. The benefits of this material
are its high strength-to-weight ratio, corrosion resistance,
low thermal conductivity, and application versatility [4].
To overcome the adverse effects of these conditions, it
is necessary to strengthen the RC beams with suitable tac-
tics. Various methods were proposed to reinforce existing
RC structures. These methods include shotcrete for reha-
bilitation, externally bonded (EB) [5], near-surface mounted
(NSM) [6], and textile-reinforced mortar (TRM) [7]. The
EB technique upgraded the RC elements by bonding steel
or FRP plates/bars to their tension faces [8]. In the NSM
strengthening technique, slits were formed in the concrete
cover, and the reinforcement was embedded into it with
groove filler (epoxy or cement mortar). The NSM efficiency
made it an effective technique to upgrade the RC elements
[9]. In the first appearance of the NSM technique, steel bars
embedded in cement mortar were the basic strengthening
concept. Eventually, shotcrete was used to cover the exterior
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of the bars. However, these procedures failed to develop a
good bond between concrete and steel. Also, casting con-
crete around large strengthening structures was not practical.
Recently, several studies dealt with the strengthening of RC
members by adopting the NSM technique using the CFRP
bars [6], CFRP strips [10], CFRP laminates [11], and GFRP
bars [12, 13] were performed. Consequently, this review arti-
cle gives insight into the current developments in strength-
ening RC beams using NSM and EB techniques and future
work recommendations.

Numerous review papers reported several data about the
behavior of RC beams strengthened with the EB technique
[14-36]. However, few reviews concerned NSM elements
[37-42] or both EB and NSM methods [43-46]. All the
previous review papers treated with certain factors affect-
ing the EB and the NSM techniques. Therefore, this paper
aims to collect and review the studies available up to date
regarding the strengthening of the RC beams with the EB
method and NSM reinforcement. The review included infor-
mation related to the strengthening materials (metallic and
FRP composites), epoxy properties, factors affecting the
two techniques, ductility analysis, and the failure modes
of the strengthened elements in each technique. The paper
also highlighted the gap in the EB and NSM strengthening
methods and introduces future recommendations to enhance

the two approaches. Figure 1 shows the flowchart describing
the paper layout.

Flexural behavior of the strengthened RC
beams with EB technique

Table 1 reviews a sample of the studies that used the EB
technique to enhance the flexural capacity of the RC ele-
ments. The attained load that yields the flexural steel rein-
forcement (P,), deflection level when the steel yields (6y),
load-carrying capacity (P,), and the percentage increase of
P, over that of the control beam (CB) (P,%), deflection at
ultimate and failure loads (5, and &, respectively) are illus-
trated in the table.

Summary of the existing studies related to the EB
technique

RC beams strengthened with EB-FRP sheets or laminates

Various studies investigated the utilization of EB CFRP
plates or sheets to increase RC beams' strength [5, 47, 53,
55-75]. The flexural strength of continuous beams strength-
ened externally with CFRP sheets or plates was evaluated
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Table 1 Studies on RC beams strengthened with EB technique

Author Method and epoxy Sample param- P, (%) Deflection (mm) Failure mode Ductility Index
eters Sy (mm) Su (mm) &f (mm) Wauy (GulBy) % Dec
Salama et al. [47] (Bottom or side-bonded) Bottom Sheet, 62.0 8.0 18.3 18.4 SC-F 2.28 16.8
of the CFRP sheets and 1 Ply
V-wrap 700 epoxy adhe-  Bottom Sheet,2  92.0 8.7 15.3 153  SF 1.77 35.6
sive Plies
Side Sheets, 1 66.0 7.0 14.7 15.2 SC-F 2.09 23.8
Ply
Side Sheets, 2 84.4 8.8 12.9 13.1 SC-F 1.68 38.8
Plies
SSB, 1 Ply 39.7 7.6 144 14.8 SC-F 1.89 31.1
50 mm
SSB, 1 Ply 87.2 9.8 16.5 16.8 SC-F 1.47 46.4
150 mm
SSB, 2 Plies 58.8 7.6 13.1 13.3 S-F 1.69 38.4
50 mm
SSB, 2 Plies 93.4 8.9 15.1 15.9 SC-F 1.74 36.7
150 mm
Chenetal. [48]  Two types of NFRP: flax 2-layer CFRP 32 11.61 28.13 S-F+Fr 242 21
and jute 2-layers—jute 17 8.98 18.33 Fr 2.04 33
fabric
3-layers -jute (0] 9.83 12.88 Fr 1.31 57
fabric
4-layers-bidirec- 18 9.78 26.15 Fr 2.67 13
tional flax
8-layer unidi- 40 11.61 35.01 S-F+Fr 3.02 2
rectional flax
fabric
Huang et al. [49] FFRP 28 mm- 4 67 2.7 17.2 19.23  SFr 6.5 +160
layers
208 mm- 6 105 4.0 234 24.74 59 +136
layers
2012 mm- 4 15 52 19.3 22.13 3.7 +48
layers
2012 mm- 6 21 5.4 21.9 22.34 4.0 +60
layers
FFRP applies 80% of Py of 208 mm- 4 71 2.4 16.9 17.90 7.1 +180
the CB layers
28 mm- 6 113 33 22.8 23.89 7.0 +180
layers
Abdallaa et al. 3 mm thick AA-plates ori- oriented at 90° 19 5.74 5.74 5775 SH 1.00 -
[50] ented at 90° and 45°, Sika
oriented at 45° 39 6.29 8.23 9.57 SH 1.16 -
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Table 1 (continued)

Author

Method and epoxy

Sample param-
eters

P, (%) Deflection (mm)

Oy (mm) du (mm)

of (mm)

Failure mode Ductility Index

Rasheed et al.
[51]

Hawileh et al.
[52]

Hawileh et al.
[53]

Zhou et al. [54]

2 mm thick AA plates or

3 mm thick AA plates,
with single and double-
end CFRP sheet U-wraps
by Sikadur-330 with
SikaWrap-300C for CFRP

sheet

HSF
width =40,70,100,120 mm

and Sikadur 30LP

epoxy resin (Good-bond

IJN-C3P)

2 mm AA Plates
2 mm AA Plates

2 mm AA Plates
1U-wraps
Anchorage

2 mm AA Plates
2U-wraps
Anchorage

3 mm AA Plates

3 mm AA Plates
1U-wraps
Anchorage

3 mm AA Plates
2U-wraps
Anchorage

3 mm AA Plates

2U-wraps
Anchorage

1-layer med-
density steel
sheet

2-layers of med-
density steel
sheet

1-layer of high-
density steel
sheet

2-layers of high-
density steel
sheet

2-layers of high-
density steel
sheet

2-layers of med-
density steel
sheet

2-layers of med-
density steel
sheet

1 layer of CFRP

1 layer of GFRP

1-layer GFRP /
CFRP

1 GFRP/ CFRP/
GFRP

CFRP sheets

1 CFRP
sheets + hybrid
anchored

2 layers CFRP
sheets+2
plies hybrid
anchored

15.3
133
24.8

214

40.0
29.2

26.2

26.4

44.0

56.4

47.8

62

41.6

29.3

57.3
30.8
83.0

98.0

9.47

24.21

45.26

7.13
6.23
6.15

7.18

7.20
6.65

6.82

7.54

10.3

9.32

11.2

8.62

9.31

10.5

10.4

8.59
7.40
7.80

8.86

28.19
22.85
20.44

48.15

25.16
21.37

24.71

23.11

17.82

11.51

15.80

12.10

14.25

12.85

12.18

18.55
20.69
15.75

14.11

25.48

56.56

51.76

34.75
27.08
34.53

48.15

25.92
29.55

37.56

30.57

18.3

12.2

16.15

12.1

14.3

12.14

13.12

19.39
23.21
20.10

26.90

IC
IC
IC

IC

IC
IC

IC

IC

SC-F

SC-F

SC-F

SC-F

SC-F

SC-F

SC-F

SC-F
SC-F
SC-F
S-C
1C

Fr

SC-F

3.95
3.67
3.32

6.71

3.49
3.21

3.62

3.06

1.73

1.23

1.41

1.40

1.53

1.22

1.17

2.16
2.80
2.02

+13
+5
5

+90

+4

13

13

38

29

30

23

39

41

38
20
42

55
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Table 1 (continued)

Author Method and epoxy Sample param-

eters

P, (%) Deflection (mm)

Failure mode Ductility Index

Oy (mm) Ou (mm) Jf (mm) Pauy (Buldy) % Dec

Hosen et al. [S5] 0.005main steel reinforcing

ratios and Sikadur-330

pre-cracking
load (0%)

Pre-cracking
load 60%

Pre-cracking
load 80%

0.0071 main steel reinforcing pre-cracking 99

ratios and Sikadur-330 load (0%)

Pre-cracking
load 60%

Pre-cracking
load 80%

Nader et al. [56] EBROG End anchorage

strain

20% prestress 48.1

strain

30% prestress
strain

20% prestress 62.4

strain

30% prestress 66.1

strain

154

161

155

102

100

0 prestressing 383

16.2

- S-F 48
_ 47
_ 49
_ SC-F 31
— SC-F 31
- S-F 30
11.78 27.75 S-F 24 31
13.52 2322 S-F 1.7 51
- 1402  SC-F - -

12.67 29.67 S-F 2.3 34
13.27 28.67 S-F 22 37

by Abdallah et al. [5]. The results indicated that continu-
ous beams had positive (sagging) and negative (hogging)
bending moment regions, proving a 59.1% and 49.8% load
improvement for the yield and ultimate loads due to the
EB-CFRP composites application. Moreover, the weightier
CFRP sheet improved strength more than multiple sheet
layer additions. Consequently, Dong et al. [57] found that
flexural strengthening of RC beams with EB CFRP sheets
resulted in a 41-125% increase in P, compared to its CB
capacity. Conversely, Al-Tamimi et al. [58] implemented a
single layer of U-wrapping sheets and two layers of U-wrap
sheets with perpendicular fiber orientation (one layer in lon-
gitudinal and the other in transverse direction) to anchor-
age the CFRP palates. It was disclosed that, as the CFRP
plates were implemented with or without end anchorage, the
beams' load efficiency (P,%) increased by 5%-80%. Further-
more, Ahmedet al. [59] used CFRP laminates with single,
double, and triple layers to strengthen RC beams with one
U-shaped strip and two W-shaped edge strips. The results
guaranteed that the flexural stiffness, yield load, and ultimate
load were increased with increasing the CFRP laminate lay-
ers. Also, the maximum gain in the flexural strength was
more significant in beams with low FRP reinforcement ratios
having end anchorage. Moreover, the tensile force was taken
up by FRP systems when the steel bars yielded and tended to
increase the beam capacity. In addition, El-Sayed et al. [60]

tested two beams under static flexural loading to determine
the ultimate capacity of the beams. One of the two beams
was strengthened with CFRP plates, and the other was un-
strengthened. The beam experienced an increase of about
77% in the P, due to the inclusion of CFRP reinforcement
with about 36-40% reduction in mid-span deflection.

Conversely, Yin and Wu [61] tested a short beam without
EB FRP sheets reinforced with different volume fractions of
steel-fibers (0-1.0%) to verify the enhancement of concrete
toughness. They tested a series of FRP beams strengthened
with the same steel-fiber volume fractions to show how the
enhanced concrete toughness affects the FRP strengthen-
ing performance. They found minimal changes in the ten-
sile strength with increasing steel fiber volume fraction. In
contrast, notable increases were recorded in the debonding
initiation, peak loads, and FRP stress transfer length. Alter-
natively, Aliet al. [62] strengthened the continuously RC
beams by bonding CFRP and GRFP sheets and tested them
in bending. Compared to the CB, the ultimate load of the
beam strengthened by CFRP sheets increased by 16.7 and
26.6%, while those strengthened by GFRP sheets increased
by 7.2%.

As well-known aramid fiber-reinforced polymer (AFRP)
is a highly effective synthetic fiber in textiles and compos-
ites. This type of fiber has many advantages, such as great
strength, high elasticity, and heat resistance, with a density
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40% lower than GFRP but at a somewhat higher cost [63].
Zhang and Wu [64] studied how saltwater immersion
could influence the twenty-two RC beams strengthened
with externally unidirectional AFRP sheets. Two batches
of ready-mixed concrete were investigated. High-strength
concrete (HSC) was used for tunnels, and normal-strength
concrete (NSC) of the sort usually employed in building
construction. The most significant observed increase in
the AFRP-strengthened NSC strength was 8.5%, occur-
ring after 360 days of immersion and not exceeding 6.5%
in other conditions [64].

Consequently, Zhou et al. [65] found that after high-
temperature exposure up to 300 °C, a 55% decrease in peel
and shear interface fracture toughness of the AFRP bonded
to concrete was recorded. Moreover, the flexural stiffness
increased proportionally according to the number of layers
of the AFRP sheets compared to the un-strengthened beam
[66]. Additionally, prestressed strengthened beams showed
higher stiffness than the non-pre-stressed counterparts at
the same amount of reinforcement [66].

Basalt fibers (BF), formed from volcanic lava freezing
on the earth's surface, are an inexpensive, eco-friendly
material with excellent insulation properties and an envi-
ronmentally friendly alternative to glass and carbon fib-
ers [67]. Incidentally, Sim et al. [68] examined how BF
reinforcement boosted the beam samples' ultimate and
yield strength by up to 29%, depending on the number of
BF layers. Moreover, the BF reached its maximum capac-
ity before failure when utilizing one or two BF layers.
Conversely, Stephen et al. [69] created finite element (FE)
models to calculate the gradient of deflection of RC beams
under flexural load when strengthened by EB-basalt rein-
forcement. They found that the flexural capacity of basalt-
reinforced beams was higher than those reinforced with
steel or FRP ones.

The hybrid combination of FRP (HFRP) composites
effectively integrated both strength and ductility of several
types of fibers. By the way, Hosny et al. [70] studied the
behavior of RC beams strengthened with hybrid CFRP and
GFRP (HFRP) laminates. The strengthened beams attained
a 10.3% rise in their ultimate bearing capacity compared
to their CB. Moreover, Attari et al. [71] found that the RC
beams strengthened with a double layer of HFRP compos-
ite material recorded a 114% increase in strength capacity
compared to their CB. As shown in Table 1, Hawileh et al.
[53] found that when the RC beams were strengthened with
EB- hybrid GFRP and CFRP, their load capacities increased
by 30-98% as compared to those of single-layered CFRP/
GFRP sheets. Consequently, Choobbor et al. [72] illustrated
that using CFRP/BFRP composite sheets for reinforcing
RC specimens improves the beam ductility and rise in the
beam's ultimate carrying capacity by 28-75%, correspond-
ing to their CB.

@ Springer

Hosen et al. [55] found that the load-bearing capacity
enhancement was between 100 and 160% for side external
bonded (S-EB) strengthened RC beams with 0.0071 and
0.005 reinforcing ratios, respectively. Subsequently, Salama
et al. [47] demonstrated that S-EB strengthening appeared
to be slightly less efficient as a strengthening tool than soffit
bonding (Table 1). In contrast, using EB-wrapped GFRP
composites to strengthen RC beams seemed to be a success-
ful way of boosting the flexural capacity of RC beams [73].
The beams upgraded with two layers of GFRP fabrics in the
tension face with half of both sides below the neutral axis
achieved improvements in flexural strength, ductility, and
cost efficiency. Moreover, Mostofinejad and Shameli [74]
stated that the grooved method (GM) through either end-
bonded reinforcement on a groove (EBROG) or embedding
end-anchored reinforcement in a groove (EBRIG) proved
to be an effective way to increase the ultimate load-bearing
capacity. The GM increased the maximum load capacity
by 139%, 148%, and 99% for one, two, and three EBROG
layers, respectively, and by 142%, 186%, and 155% for
one, two, or three EBRIG layers, respectively, compared
to U-wrapping EB technique without any surface prepara-
tion. Conversely, Nader et al. [56] studied the behavior of
RC beams strengthened in flexure using prestressed-CFRP
plates via the EBROG method. The use of EBROG pre-
stressed CFRP plates revealed beneficial effects on their
stiffness due to the initial prestress applied in addition to
displacement delay during the cracking stages of the beams.
Moradi et al. [75] proposed a new technique involving per-
forating holes along the beam webs and inserting FRP rein-
forcements filled with grout. The beams were strengthened
by EB-FRP reinforcement and embedded-through-section
FRP reinforcement. The maximum load and displacement
of the strengthened beams with embedded FRP strips in
holes drilled through the beam web were higher by 70.9%
and 15.6%, respectively, than those reinforced with EB-FRP
reinforcement U-wrapping strips.

RC beams strengthened with EB-natural FRP (NFRP)

Climate change has made natural fiber-reinforced polymers
(NFRPs) an appealing alternative to synthetic FRPs [76].
NFRP-flax is a popular choice among these raw materials
due to its low cost, lightweight, relatively high strength, and
stiffness for structural applications. The NFRP laminates and
concrete possess similar elasticity. The NFRP-strengthened
RC beams failed by FRP rupture and recorded higher ulti-
mate loads and ductility than the CFRP-strengthened beam
[77]. Moreover, coir fibers had the most significant strain
at fracture [77]. Samples comprised of two types of NFRP
(flax and jute) were tested by Chen et al. [48]. They found
that the beam load-carrying capacity with flax-FRP (FFRP)
increased by 40% compared to CB, and it also showed higher
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load-carrying capacity than those used jute-FRP (JFRP), as
shown in Table 1. Moreover, the beams strengthened with
eight layers of fabrics recorded the highest load-carrying
capacity (103.7 kN). Huang et al. [49] investigated the flex-
ural performance of RC beams with EB-FFRP plates. The
experimental variables included FFRP thickness (4 and 6
layers), steel reinforcement ratio (0.223% and 0.503%), and
the pre-cracking of RC beams before bonding the external
FFRP plates. They demonstrated that EB-FFRP laminates
increased the load-carrying capacity by 15-112%, while
the ultimate mid-span deflection ranged between 92.3 and
147.4% from those of the CBs. As shown in Table 1, the
maximum load and ductility increase was more pronounced
for RC beams with a lower steel ratio. Conversely, Wang
and Chouw [78] tested coconut-FRP (CFRC) specimens
strengthened with various thicknesses of FFRP (2, 4-and
6-layer). The coconut fiber content in the mixture was 3%
of the cement mass, corresponding to an approximate fiber
volume content of 1.2%. The results showed considerable
enhancement in the flexural strength and impact resistance
for beams reinforced with EB-FFRP. They found that the
flexural strengths of the FFRP-CFRC beams with 2, 4, and
6-layers were, respectively, almost 1.7, 3 and 4 times that
of CFRC.

On the other hand, natural sisal FRPs (SFRP) are advan-
tageous components for reinforcement due to their low
density, high toughness, bio-friendliness, ease of the skin,
and biodegradability [79]. Yinh et al. [80] investigated the
effectiveness of EB-SFRP on the strength and ductility of
concrete. They revealed an increase in the case of polyester
resin by 14%, 29%, and 36% for two layers of SFRP, two
layers of SFRP with anchorage system, and 4-layers of SFRP
with anchorage system specimens, respectively. In the case
of epoxy resin, 19%, 45%, and 68% increases in the ultimate
load were observed for 2-layers of SFRP, 2-layers of SFRP
with anchorage system, and 4-layers of SFRP with anchor-
age system specimens, respectively. Lastly, Hussain et al.
[81] proved that external confinement by using fiber rope-
reinforced polymer (FRRP) was very effective in enhancing
the concrete's ultimate strength, strain, and deformability.
Further, the hemp FRRP composites were more effective in
increasing the maximum compressive strength than cotton
and polyester FRP composites. Polyester FRRP composites
were better than hemp and cotton FRRP from the viewpoint
of ultimate strain.

RC beams strengthened with EB-fabric-reinforced
cementitious matrix (FRCM)

The fabric-reinforced cementitious matrix (FRCM) systems,
commonly called TRM, have recently been utilized in con-
struction as an effective alternative for strengthening materi-
als. FRCM is produced from fabric grids and a cementitious

agent acting as a matrix and binder. The cementitious matrix
in FRCM has a high thermal capacity [26]. Additionally, the
cementitious matrix in FRCM is more compatible with con-
crete substrates than the epoxy resin with FRP. The mortar
matrix used in this system was more adept at resisting heat/
fire, creating better bonding between ultra-high performance
fiber-reinforced concrete (UHPFRC) and concrete than con-
crete-to-concrete interfaces [82]. Unlike conventional FRP,
FRCM contains continuous high-strength fibers surrounded
by a matrix. Paschalis et al. [83] performed an experimen-
tal and numerical analysis of UHPFRC strips utilized for
the flexural strengthening of entire RC beams. Two beams
were strengthened with UHPFRC layers, and two beams
were strengthened with UHPFRC layers and steel bars. It
was revealed that an increase in load-carrying capacity by
about 89% can be achieved by continuously applying steel
bars on the layers. Deng et al. [84] investigated the flexural
performance of RC beams strengthened by highly ductile
fiber-reinforced concrete (HDC) and reactive powder con-
crete (RPC). They found that RPC-reinforced specimens
in the compressive zone had more bearing capacity due to
their high compressive and adhesive strengths. In the tension
zone, the ultimate flexural strength of specimens strength-
ened by an HDC layer increased up to 170%, and the cracks
were delayed and effectively dispersed. Giese et al. [85]
studied how locally manufactured fiberglass textiles (TEX-
IGLASS AR 360-RA 04) affect the flexural strengthening
of RC beams. They observed growth in the ultimate load
of 31%, 54%, and 72% for 2, 3, and 4 layers, respectively.
Conversely, Alharthi et al. [86] studied a new technique to
strengthen RC beams using a limited steel-bar-reinforced
mortar layer (SBRML). They observed an increase in the
ultimate load by about 113% compared to the CB when
using SBRML.. This method was suitable for RC elements
with small widths and without concrete cover (CC).

RC beams strengthened with EB-Steel meshes.

Compared to FRP, hardwire steel-fiber (HSF) as external
reinforcement has more advantages [52]. These include
increasing stiffness, bond, and strength performance due to
its high modulus of elasticity and tensile strength. Addition-
ally, HSF composite sheets are lighter and more economical
than conventional FRP laminates. Furthermore, they can be
pre-stressed easily. Conversely, Xing et al. [87] found that
using steel wire meshes (SWM) and polymer mortar com-
posites to strengthen RC beams can efficiently increase their
flexural capacity. All reinforced beams were stiffer than the
CB and could bear a greater load capacity. Alternatively,
Hawileh et al. [52] explored EB-strengthened RC beams
with medium and high-density embedded HSF sheets via
epoxy adhesives. They found a 62% load-bearing capac-
ity improvement over the CB with two layers. Otherwise,
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Qeshta et al. [88] demonstrated that the RC beams loaded in
flexure and strengthened with SWM and CFRP sheets and
a hybrid combination of the two materials eventually failed
due to rupture of wire mesh or debonding of laminates. The
test results revealed an increase in the first crack and yield
strength by 90% and 47%, respectively, compared to speci-
mens strengthened with SWM. High or low cord-density
galvanized steel mesh (GSM) sheets can be EB to RC struc-
tures using epoxy adhesives. However, only meshes with
low cord-density GSM sheeting are suitable for combina-
tion with cement mortar [89]. In contrast, Douier et al. [89]
observed that the ultimate-flexural load capability increased
by 41.8-51.4% when reinforcing the RC beams with GSM
sheets. In contrast, no increase in strength was detected
when comparing anchored specimens without prior strength-
ening against strengthened specimens that were anchored
beforehand.

RC beams strengthened with EB-metal plates

Rasheed et al. [51] examined how Aluminum Alloy (AA)
plates could act as EB flexural reinforcing for highly RC
parts. The results were compared with a CB without CFRP
sheets which doubled up as an anchorage U-wrap system. As
shown in Table 1, the increase in strength showed a variance
from 13 to 40%. Subsequently, Abdalla et al. [50] ascer-
tained that utilizing AA plates can significantly increase
beam shear capacity. This occurred when they were ori-
ented at 45°. An increase in strengthened RC beam ductility
and load-carrying capacity by about 39% compared to the
CB was recorded, as shown in Table 1. Moreover, Abuo-
deha et al. [90] studied the flexural behavior of RC beams
strengthened using AA plates with two anchorage tech-
niques: bonding only and bolting plus bonding. They found
that the beams strengthened with bonded AA plates dem-
onstrated a 32% increase in load capacity. In contrast, those
featuring bolted AA plates incited only a 24% improvement
over the CB.

RC beams strengthened with EB-hybrid-bonded FRP
technique (HFB-FRP)

A practical solution to the debonding problem is the utiliza-
tion of HFB-FRP, which uses a steel plate as a mechanical
fastener fixed with rods and nuts associated with it rather than
pins [91]. Also, Zhou et al. [92] observed that utilizing this
system prevented debonding issues within FRPs and increased
the ultimate load-carrying capacity of beams up to 2.13 times
compared with the U-jacketing strengthening technique. More-
over, Zhang et al. [93] point out that FRP debonding failure
is a preferred mode in the HFB-FRP combination due to its
good ductility, solving the issues faced by EB-FRP strength-
ening. Hence, the mechanical fastening technique (MF) was
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suggested to be an efficient alternative to EB techniques, pro-
viding cheap and speedy, reliable flexural reinforcement [94].
Consequently, Ebead [95] showed that specimens strengthened
with a hybrid EB/MF-FRP system exhibited more significant
increases in Py and P, than those using the MF-FRP system,
ultimately achieving 60% to 125% of the load-carrying capac-
ity of the un-strengthened specimen. Moreover, Hadhood et al.
[96] noticed the failure envelope of the RC beams strengthened
with a hybrid technique consisting of EB/MF and reduced-size
CFRP strips. The beam brought about a 65% improvement in
the shear load compared to the CB. Finally, Zhou et al. [54]
proposed a mixed anchoring technique that blended EB and
ended anchorage for FRP sheets. These have been self-locked
into slotted plates, which are then attached to concrete via pre-
planted bolts. This technique improved the ultimate strength,
enhanced the failure ductility, and resulted in either FRP rup-
ture or concrete crush despite a debonding degree, as shown
in Table 1.

Modes of failure of RC beams strengthened with EB
reinforcement

Figure 2 and Table 1 show the failure modes denoted by
a series of letters representing steel yielding (S), concrete
crushing (C), FRP rupture (Fr), and FRP deboning (F). For
example, SC means that steel yielding is followed by con-
crete crushing, while SF indicates that steel yielding hap-
pens before FRP debonding. Lastly, in the case of SCF, steel
yielding happens before concrete crushing, and FRP clam-
bering failure occurs afterward. Most research on RC beams
strengthened with FRP reported failure due to delamination
or debonding of the FRP [47, 52, 53, 80, 97]. The same issue
was pointed out in ACI 440.2R-08 [98], which reported that
cover delamination or FRP debonding could occur if the
substrate cannot sustain the force exerted by the FRP.

Steel yielding followed by concrete crushing (S-C)

In the S-C failure mode (Fig. 2a) commonly seen in CB,
the cracking initiated at the concrete tension zone and then
propagated vertically toward the compression zone result-
ing in compression failure [53, 55, 60]. Consequently, steel
yielding was discovered as diagonal cracks advanced toward
the loading points on the shear span [49, 56]. Afterward, no
more cracks were observed; eventually, the concrete in the
tensile zone began to peel off, leading to the failure of the
beam [47, 52, 80]

Steel yielding followed by concrete crushing and FRP
debonding (SC-F)

In the SC-F failure (Fig. 2b), the micro-cracks near the
interface of the beam are the first signs of debonding.
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a) S.C 47

¢) S-F[47]

b) SC-F [47]

g) Fr[48]

Fig. 2 Failure modes in the EB strengthening method

With further loading, a major diagonal crack is formed and
spreads along the interfacial concrete quickly, causing the
delamination of FRP layers. The bond cracks in the mid-
dle of the beams propagate at an angle of around 45° and
then reach out to either side, causing concrete cover separa-
tion [56, 99]. Consequently, Salama et al. [47] observed the
occurrence of steel yielding before CFRP debonding with
minor concrete crushing for single-ply strengthened beams.
Hosen et al. [55] stated that the delamination of the CFRP
fabric initiated the failure, followed by a gradual decrease
in the applied load until failure occurred due to concrete
crushing in the compression zone. Moreover, Hawileh et al.
[52] found that due to high-stress concentrations around the
HSF ends, horizontal shear cracks are formed, followed by
the splitting of the concrete cover. Also, Hawileh et al. [53]
observed the occurrence of concrete crushing beneath the
loading supports.

Steel yielding followed by FRP debonding (S-F)
The S-F failure mode (Fig. 2¢) involves FRP debonding

(Fig. 2d) for specimens strengthened with soffit and side-
bonded FRP [47]. The failure resulted in shear cracks with

h) SH [50]

no concrete crushing due to debonding of FRP laminates,
followed by a sudden dropping in load-carrying capacity
[97]. On the other hand, Hosen et al. [55] noticed shear
cracks intersecting flexural cracks, which caused delamina-
tion of S-EBR CFRP fabric. According to Hawileh et al.
[53], the formation of vertical shear cracks from both sides
of the beam caused CFRP sheet debonding. Also, Yinh et al.
[80] observed this type of failure when studying sisal-FRP
strengthened RC beams without end-anchorage.

Steel yielding followed by the rupture of the FRP plate
(S-Fr)

For S-Fr failure (Fig. 2e), initial, short, and thin cracks
appear through the beam vertical section at the mid-span.
Then, the cracks increase in number and size and become
symmetrical. Afterward, more defects, such as steel yield-
ing, are formed with horizontal cracks in the concrete ten-
sion zone due to the FRP plates and concrete gap. Addi-
tionally, thin cracks are observed on the compression side
of the concrete. After a further increase in the applied
load, a slight noise was heard from the FRP plates, and
diagonal cracks became noticeable more quickly. As
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an extra increment in load is applied to this shear span,
louder noises can be heard from the FRP strips. In conclu-
sion, these tensions eventually caused the beam to fail due
to FRP rupture within the beam mid-span [61]. However,
large amounts of concrete substrates are attached to the
FRP plate, and both ends of the FRP bands did not cause
damage due to reinforcement supplied by FRP [49].

FRP deboning by an intermediate crack (IC)

The FRP reinforcement in the beam failed to delaminate
due to IC debonding (Fig. 2f) that initiated near the load-
ing zone and spread to the edge of the FRP material at
supports. The concrete in the compression section did
not crush. In this type of failure, the CFRP sheet acts as a
bridge over the crack and prevents it from further extend-
ing [47, 55, 100]. El-Sayed et al. [60] noticed a peeling
action that led to failure to strengthen shallow RC beams
with bottom CFRP layers. Similarly, Yin and Wu [61]
showed that, when analyzing steel-fiber RC specimens
strengthened by CFRP with 0.25% and 0.5% steel-fiber
volume fractions, the IC debonding failure gradually
results in large deformation as the deboned region goes
toward curtailment of the FRP. More considerable mid-
span deflections occur upon final failure for experiments
with many NFRP layers [48]. IC debonding failure mode
was also observed in AFRP-strengthened beams [64].
Before reaching the final failure of sisal-FRP strength-
ened beams with end anchorage systems, no pullout of
anchors or debonding of sisal-FRPs occurred, but the
beams collapsed due to the inclined cracks created around
the loading and anchoring points [80].

FRP rupture (Fr)

In Fr mode (Fig. 2g), the beam fails due to the sheet rupture
[20]. The ultimate deflection at the midpoint of the beam
was less than that of the reference beam. This is because the
strain at fracture of the FRP is less than its maximum strain
capability (the ultimate strain of the FRP strip) [47]. Previ-
ous studies [61, 66] highlighted that even though peeling-
off areas were visible, the FRP sheets adhered very well to
the surface of concrete beams strengthened by CFRP with a
steel-fiber volume fraction of 1% or by AFRP sheets.

Shear failure -brittle failure (SH)

Tests conducted on beams under four-point bending resulted
in a shear failure (Fig. 2h), where inclined cracks begin at
the loading points and proceed toward the nearest support
[50, 75, 101]. Ebead [95] demonstrated that these diago-
nal cracks arise due to progressive ductile flexural behavior
related to fastening. Hadhood et al. [96] showed that using
the MF technique and EB could hinder the emergence of any
shear cracks. Therefore, cracking formed under the strips
near the left support before widening.

Strain response

Table 2 illustrates the ultimate FRP Strain (€y,), the maxi-
mum FRP strain for the EB-strengthened beam under flex-
ural (€,,), and the efficiency of the strengthening elements.
After the steel rebar yielded, two factors enhanced the load
resistance (increasing the strain in the FRP laminates and
the strain hardening of the steel rebar), although the lat-
ter had a low effect. Chen et al. [48] reported that, after
yielding, most load resistance comes from the FRP lami-
nates due to their high tensile strain. Moreover, El-Sayed

Table 2 The maximum FRP strain for EB-strengthened beam under flexural

Author Specimen E, (ne) &g (pe) Strain
effi-
ciency%

El-Sayed et al. [60] Pultruded CFRP plates (Thickness and width are 1.4 mm and 120 mm) 6367 16,970 37

Salama et al. [47] Single Ply Bottom V-wrap C200H unidirectional CFRP sheets, 8000 21,230 37

Zhang and Wu [64] AFRP sheet made of the fabric and exposed to salt water for 360 days 14,775 16,839 87

Ferrier et al. [103] Composite fiber cement internally reinforced by CFRP rods (CFCIR-CFRP) with- Pre- 10,841 17,692 61

stressing

Tehrani et al. [56] EBROG Plate M514 Quantum CFRP plate with 50 x 1.4mm with 30% of prestressing 13,011 15,000 86

strain

Razaqpura et al. [104] Sika CarboDur S512 CFRP laminate with 30 z— anchors 13,675 16,970 80.4

Attari et al. [71] 1 Layer GFRP SikaWrap430G + 1 Layer CFRP SikaWrap230C U Shape 14,100 14,285 98

Xiong et al. [105] 1-layer of CFRP sheet (50 mm wide and 0.11 thickness) + 1-layer GFRP sheet (62.5 mm 17,800 19,197 73

wide and 0.167 mm thickness)

Qeshta et al. [88] hybrid of wire mesh-epoxy and CFRP sheet 19,528 21,000 93

@ Springer



Innovative Infrastructure Solutions (2023) 8:289

Page 110f31 289

et al. [60] found that at failure, the CFRP plates achieved
a strain of 6367 ug which represented 37% of its ultimate
strain. Conversely, Ebead [95] observed lower strains in
FRP strips than those in steel reinforcement for beams
strengthened with EB/MF. Moreover, the slip was caused
by either fastener rotation or bearing damage in the strips.
Alternatively, Salama et al. [47] reported that steel bars
yielded before failure in all specimens, and none reached
the ultimate rupture strain of the CFRP. There were 8000
and 7400 pe levels for single-ply samples at 190 and 195
kN maximum loads, respectively. The strain levels in
Double-ply were lower by 3400 and 6100 pg at 225 kN
and 217 kN ultimate load, respectively. Also, Abdallah
et al. [5] found that replacing EB-CFRP sheets with CFRP
plates significantly reduced the maximum tensile strain
of the CFRP and lowered the possibility of extending its
capability.

Ali et al. [62] highlighted the more significant proper-
ties affected by strengthening using CFRP sheets. It was
found that as the vertical deflection of the beam increased,
the strain spread from its center to the supports due to IC-
induced debonding. Furthermore, a continuous RC beam
reinforced with CFRP exhibits an increased elastic limit
capacity compared to a beam strengthened with GFRP
sheets [102]. Moreover, Huang et al. [49] suggested that the
increase in FRP layers leads to a higher ultimate strain and
six layers recording maximum strain up to 1.93%. There was
a remarkable increase in stiffness for beams strengthened
with HSF sheets. Furthermore, Hawileh et al. [52] found
that lamination of HSF having a width of 120 mm failed at
0.0032 strain which was lower than other specimens due to
its higher stiffness and larger contact area of the HSF sheet
with the specimen’s soffit. Alternatively, Nader et al. [56]
revealed that using CFRP anchorage increased the strain
of prestressed beams by 20%. The anchorage allows higher
shear forces to be achieved, thus leading to slightly higher
strains in the stirrups and better performance of the CFRP
sheets [101]. The maximum stirrups strain measured for
specimen strengthening by S-EB strips of woven carbon
fiber fabric and U-wrapping externally bonding was lower
than the failure strain of FRP. This may indicate that these
methods cannot ensure that the total strain capacity of the
FRP will be utilized. So the beam will not reach its expected
maximum shear capacity [75]. Otherwise, Hawileh et al.
[53] showed that GFRP/CFRP/GFRP hybrids had a lower
failure strain than the GFRP/CFRP specimen due to concrete
crushing under flexural forces in constant moment zones.
From the previous, the GFRP showed the highest strain
efficiency [71], followed by a hybrid of wire mesh-epoxy
[88] and AFRP [64], while the CFRP [47, 56, 60, 103, 104]
showed the lowest strain efficiency (Table 2). This ensured
that the lower the young’s modulus of the strengthening ele-
ments, the higher the strain efficiency.

Ductility analysis

Deformation is another crucial aspect of flexural behav-
ior. The beam's ductility can be quantified by measuring
the mid-span deflection relative to the steel yield point.
This measurement was established by examining the cor-
responding flexural strain gauge readings and load—deflec-
tion curve, as well as indicating the level of plasticity that
a beam can resist before failure. The beam's ductility indi-
ces are computed at the ultimate attained load (p,,) and
failure load (p ) as follows:

HAu = Su 1
5, ()
b

HAf = 6—f 2)

y

Table 1 shows that the CB demonstrated the highest
ductility among all tested beams. The ductility index
decreased as the reinforcement ratio for EB-strengthened
RC specimens increased. With increased CFRP layers, a
drop in the ductility of strengthened beams was observed
[47—-49]. This outcome has been demonstrated by Hawileh
et al. [53], who found that hybrid sheets led to 17.8%
higher strength and ductility than a beam strengthened
with a single carbon sheet. Additionally, Xiong et al.
[105] observed that the ductility of hybrid CF/GF beams
was 89.7% higher than others under similar failure loads,
with 10% lower stiffness and 38% lower cost than CFRP-
strengthened beams. This reduced the cost by 16.2% as
compared to the CB. According to Choobbor et al. [72],
the ductility indices of the RC beams strengthened in
flexure by hybrid BFRP/CFRP sheets presented a maxi-
mal improvement of up to 108% compared to specimens
reinforced with CFRP laminates alone. For the beams
strengthened with the same number of layers, an increase
in basalt sheets of the hybrid laminate achieved higher
ductility up to 31.1% [72]. Deng and Xiao [66] demon-
strated that an un-prestressed AFRP sheet produced nearly
the same ductility performance as the CB. However, pre-
stressed AFRP sheets reduced their ductility; therefore,
they should be employed carefully in seismic zones. Both
Chen et al. [48] and Huang et al. [49] revealed that FFRP
reinforcement highly affected the ductility of RC beams,
and more FFRP layers showed better deformability and
ductility until the final failure. Hosny et al. [70] found
that combining CFRP and GFRP resulted in higher duc-
tility than beams strengthening with one FRP lamination
by about 2.4%. Giese et al. [85] found that the decrease in
ductility ratio for the two and three layers varied between
2.45 and 2.84, while four layers reached a ratio of 3.25.
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Hileh et al. [52] showed that the ductility of HSF-EB
strengthened beams (medium and high-density) at the ulti-
mate load (u,,) and failure load (u,,) was less than that of
the CB by 54-70%. However, unlike RC beams reinforced
with FRP, those strengthened with AA plates demonstrated
similar yield-ductile behavior as the CB. In the long run, this
behavior is expected to be enhanced compared to steel due to
the anti-corrosive effects of AA plates. Also, the end anchor-
age provided equivalent ductility levels to that observed
for the CB as it increases deformation beyond the nominal
debonding strain values [51]. The ductility index for beams
strengthened with AA-EB plates decreased compared to the
CB [50]. Beam with EB-AA plates showed a 45% increase
in deflection compared to the CB, whereas using bolted and
bonded AA plates recorded an 84% increase in deflection
compared to the CB [90].

The ductility index of the S-EBR lightweight strength-
ened specimens decreased by 49% [55]. According to
Salama et al. [47], the decrease in ductility at ultimate and
failure loads in the soffit and side-bonded strengthening sys-
tems ranged from 42.3 to 55.6% and 45.5 to 62.5%, respec-
tively. Furthermore, adding CFRP anchors and securely
bolting them to the strengthened RC beams could help to
increase their ductile properties, thus delaying or avoiding
the debonding of the sheets altogether. Ebead [95] found that
specimens strengthened with EB/MF-FRP had more brittle
behavior than samples strengthened with MF-FRP. Installing
end U-Wrapped anchored on GSM bonded with mortar, the
ductility increased to 142.1% and 270%, respectively, com-
pared to the control and non-anchored specimens [89]. How-
ever, compared to CB and non-anchored samples, interme-
diate anchored specimens had 134.1% and 257.3% increase
in ductility, respectively. Furthermore, using the EBROG
method instead of EBR strengthening caused an enhance-
ment in ductility by 53% due to delayed CFRP debonding
[56]. Escrig et al. [106] found that using FRCMas and EB-
strengthening decreased the ductility of RC beams. They
also showed that beams strengthened using steel experienced
the most significant decrease in ductility compared to basalt,
carbon, and glass [106].

Parameters affecting the flexural behavior of EB
strengthened beams

The type and the amount of FRP

El-Sayed et al. [60] showed that increasing steel-fiber vol-
ume fraction and using multiple FRP layers in the EB tech-
nique increases stress transfer lengths and ultimate loads.
Salama et al. [47] confirmed that the beams strengthened
with 2-plies of side-bonded CFRP laminates had up to
93.4% more flexural strength than CB. As the number of
CFRP layers increased, the ultimate strength of reinforced
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high-strength concrete continuous beams strengthened
with both CFRP and GFRP sheets enhanced, as shown in
Table 1. However, this is accompanied by decreased ductil-
ity, moment redistribution capabilities, and ultimate strain
for the CFRP sheet [62]. Abdallah et al. [5] suggested
that increasing the CFRP weight per unit area could be an
effective alternative to multiple layers reinforcement. This
depends on the beam's total axial stiffness ratio and the adhe-
sive resin.

Conversely, the FFRP plates could achieve a similar
impact on the beam's ultimate lateral load-carrying capac-
ity as GFRP, CFRP, and steel plates [48, 49]. Deng and Xiao
[66] found that when the number of the prestressed AFRP
layers increased, there was an associated increase in bearing
capacity. However, this increase was inconsistent with the
number of AFRP sheet layers. Four layers of NFRP lami-
nates (with 6.67 times the sectional area of CFRP laminates)
proved to have the best advantages concerning strength,
cost-effectiveness, and environmental considerations [107].
At the same time, larger cracking loads were observed when
the thickness of NFRP was increased [80]. This is owing to
the higher stiffness of thick sisal-FRP (4 layers) compared
to thin sisal-FRP (2 layers), which resulted in a loading
increase of 73% and 100%, respectively, compared to CB.

The effective bonded length

Chen et al. [48] found that jute-FRP was shorter than CFRP
and flax-FRP, making jute-FRP more susceptible to FRP
rupture. RC beams with CFRP plates covering at least
25% of their shear span paired with the correct type of end
anchorage was demonstrated as an effective strengthening
leading to reduced costs and materials [58].

The width of FRP sheets

The centroid of the sheets setting closer to the section's neu-
tral axis reduces the CFRP's sheer depth and moment arm,
which reduces the efficiency of the S-EB reinforcing the RC
beams [48, 52]. Salama et al. [47] reported that the ultimate
loading levels of beams strengthened with 50 mm, 100 mm,
and 150 mm wide CFRP sheets increased by 39.7%, 66%,
and 87.2%, respectively, compared to the CB.

Strengthening direction

Reinforcing non-pre-cracked and pre-cracked palm oil
clinker lightweight RC beams with S-EB CFRP laminates
improved their load and flexural capacity [55]. Moreover,
Panigrahi et al. [108] and Alternatively, Abdalla et al. [S0]
emphasized that the strips tilted at 45° provided greater effi-
ciency than vertical strips. In contrast, Salama et al. [47]
noted that side-engagement of CFRP fabric is less effective
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than conventional soffit strengthening concerning flexural
properties and the strength of RC beams. As centroid depth
can affect the moment arm of force in a beam's cross-section,
it was observed that once the fabric separated on one side,
the load would be shifted over, leading to a brittle failure
mode [47].

The environmental effects

Figure 3 illustrates how immersion in 35g/L NaCl solution
for a year had not significantly affected the load capacities
for beams strengthened with AFRP. Furthermore, specimens
immersed for 360 days registered the highest average rise
(up to 8.5%) [64]. According to Wroblewski et al. [99], fur-
ther enhancement in the beam load was obtained using dry
heat due to the increase in the cross-linking density of the
bonding polymer.

Externally bonded reinforcement on grooves (EBROG)

The specimens strengthened by the EBROG method dis-
played a higher load-bearing capacity, ductility, and CFRP
debonding strain when compared to those treated with EBR
[56, 74, 109]. Additionally, the experiments showed that the
performance of EBR in the groove (EBRIG) strengthening
was stronger than the EBROG strengthening when only one
layer of longitudinal CFRP was used. In contrast, EBROG
was more efficient than EBRIG when multiple layers of
CFRP sheets were employed [74].

Anchorage systems

The role of anchorages in the failure process is essential as
the beams have no anchorage yielded to debonding of the
plate ends. In contrast, the EB with end anchorage produced
localized debonding between the anchors. Wang and Hsu
[110] showed that the U-wrap with end anchorage was the
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Fig. 3 Flexure strength for AFRP-strengthened NSC and HSC beams
after different immersion times [64]

most successful configuration. Moreover, Yinh et al. [80]
found an increase in the ultimate loads of strengthened RC
beams by 13% and 21%, respectively, when polyester and
epoxy resin was utilized to install the sisal-FRP strength-
ening with end anchors. Additionally, Abuodeha et al.[90]
found that bolting could significantly increase the beam duc-
tility. However, using a bolted and bonded AA plate had a
lower load capacity than the bonded AA plate due to drilled
holes. The holes resulted in a reduction in the cross-section
area and thus lowered its contribution under load.

Consequently, Hadhood et al. [96] revealed that increas-
ing the number of fasteners would intersect cracks and
improve the bond between the CFRP strips and concrete sur-
faces. Also, the EB/MF technique achieved similar strength
and stiffness as the specimen with full-length EB strips and
reduced the strengthening area of CFRP by 44%. Moreover,
Oller et al. [101] stated that anchoring FRP sheets was neces-
sary to achieve an effective result since premature debonding
occurred if no anchors were present. Consequently, Rasheed
et al. [51] reported that when end anchorages were used
with EB-AA plates to reinforce the RC beams, the strength
was not improved while the beams' ductility increased. In
addition, Razaqpur et al. [104] expressed that strengthening
the RC beams with 1.2 mm thick and 50 mm wide CFRP
laminate and adding n-CFRP anchors improved load-bearing
performance by more than 20.8% compared to those with-
out anchors. Also, Zhou et al. [54] proved that self-locking
anchorages could improve the ultimate capacity and failure
ductility of the RC beams strengthened by EB FRP, thus
avoiding end debonding and restraining intermediate crack
debonding development.

Epoxy

The importance of selecting the proper epoxy for FRP
strengthening was demonstrated, particularly in a marine
environment. Using polyoxy-propylenediamine hardener/
epoxy resin to bond an FRP sheet to the tension side of a
concrete beam resulted in higher flexural strength and duc-
tility than a modified amine/epoxy resin blend or an amine
saturant/solvent-free epoxy at room temperature [111]. How-
ever, too much epoxy resin negated the environmental ben-
efits of natural fibers [107]. Consequently, Yinh et al. [80]
found that sisal-FRP with epoxy resin had better mechanical
properties than sisal-FRP with polyester resin, increasing
the ultimate load by 36% compared to the CB. On the other
hand, the maximum load for beams strengthened with NFRP
using epoxy was 68% more than the control beam.

Cost-efficiency

The high proportion of epoxy resin in the composites made
the cost advantage of natural fibers relative to carbon fiber
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negligible [107]. The most significant beneficial effects and
cost-effectiveness were noticed when using unidirectional
flax, among other synthetic and natural fibers [48].

Flexural behavior of the strengthened beam
with NSM reinforcement

Summary of existing studies related to the NSM
technique

Table 3 shows some existing research treated with the mem-
bers strengthened with NSM strengthening. Al-Issawi et al.
[112] observed that reinforcement of beams with an a/d ratio
of 0.85 improved load capacity from 7.35 to 20.56% (a=the
shear span length and d=the beam depth). For beams with
an a/d=1.136, the increase in the load ranged between 8.13
and 15.45% (Fig. 4). Moreover, Khalifa [113] compared the
NSM and EBR techniques as flexural strengthening for RC
beam (Fig. 5) and reported that when the same amount of
CFRP was utilized, the ultimate load of beams reinforced
with NSM was 12-18% higher than those with EBRs. Alter-
natively, Ebead and El-Sherif [114] investigated the effect of
three different FRCMs with fabric plies material (polypara-
phenylene benzobisoxazole (PBO)/carbon/glass) as NSM
and EB strengthening technique. The findings indicated
that the FRCM-NSM and FRCM-EB increased the load of
strengthened beams by 62.5% and 72.3%, respectively.
Hong and Park [116] investigated the effect of various
prestress levels on the flexural behavior of concrete beams
strengthened with prestressed NSM CFRP reinforcements.
They found that as prestress levels increased, the cracking,
yield, and ultimate loads of the RC beams strengthened with
NSM-FRPs increased (Fig. 6). A minor prestressing effect
on the deflection was noticed at cracking and yield load.
However, the ultimate deflection was significantly affected
by prestressing. It was recommended that the concrete
beams should be subjected to a prestress level of 50% only
from CFRP rupture strength. Likewise, EI-Gamal et al. [119]
investigated the flexural behavior of RC beams strength-
ened with NS-FRPs (CFRP or GFRP) using two techniques
(NSM or hybrid). Also, the effect of the FRP amount (one
or two bars) and the tension steel reinforcement ratio were
investigated. They found that doubling the FRP amount
amplified the ultimate capacity by about 85% (Fig. 7). Also,
NSM-GFRP upgraded beams showed a respectable ductile
response. Alternatively, Kotynia [126] concluded that the
internal steel reinforcement influenced the FRP-concrete
bond performance. In RC elements, the concrete failure
plane shifts from having a trapezoidal shape (in clear con-
crete) to almost horizontal, either along or slightly beneath
the longitudinal steel support. Conversely, Almusallam
et al. [120] found that using NSM steel or GFRP bars with
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sufficient end anchorage could effectively restore the load
capacity of RC beams with corroded steel reinforcement.

Moreover, Sharaky et al. [117] reported that yielding
loads in CFRP and GFRP beams increased by 50% and 29%,
respectively, while the ultimate loads increased by 66% for
CFRP and 60% for GFRP. Moreover, the NSM technique
effectively increased RC beams' load capacity and stiffness
depending on the NSM material. Conversely, by increas-
ing the number of NSM-CFRP bars from one to two bars,
the yielding and the maximum loads increased by 25.6%
and 7.5%, respectively. Also, doubling the NSM-GFRP bars
increased the yielding and maximum loads of the beams by
11.7% and 13%, respectively, over those strengthening with
one GFRP bar (Fig. 8). Alternatively, Al-Mahmoud et al. [6]
concluded that CFRP rods were remarkably successful in
increasing the flexural strength of RC beams, regardless of
whether resin or mortar was used as a filling material. The
beam strengthened by CFRP rods with mortar displayed a
debonding from the groove. Conversely, Sakar et al. [127]
also demonstrated that GFRP rods create an effective NSM
strengthening system, enhancing RC members' load capacity
and ductility under cyclic loading.

Qin et al. [128] studied the influence of environment
and fatigue load coupling and uncoupling on the RC beams
strengthened with CFRP. Their outcomes revealed that a hot-
wet climate significantly affects the fatigue and durability
behavior of RC structures strengthened with CFRP. When
humidity was stable, the relative fatigue limit decreased
as temperature consistently heightened. Likewise, when
the environment temperature stayed constant, the relative
exhaustion threshold diminished as the moisture content
elevated. Moreover, MRasheed et al. [129] investigated
four different strengthening methods: EB CFRP sheets, EB-
steel-reinforced polymers (SRP) sheets, and NSM CFRP and
NSM stainless steel bars. They declared that external FRP
transverse strengthening could accomplish ductile flexural
response to avert the flexure system's premature debond-
ing and delamination failure. Furthermore, Lee et al. [130]
looked into the impact of the prestressed NSM-CFRP system
on the strengthened RC beams. They investigated the influ-
ence of prestressing method, type of filler, surface treatment
of the CFRP bar, and number of bars on the flexural behavior
of RC beams. It was found that having greater prestressing
forces applied to the RC beam improved the strength and
increased the ultimate load at which cracking occurs. They
also hinted that post-tensioned NSM strengthening systems
could be used to strengthen cracking resistance. The pre-
tensioned NSM-strengthened RC beams with 2 bars showed
an increase in concrete cracking, steel yielding, and maxi-
mum loads by about 17.8%, 8.4%, and 2.8%, respectively,
compared to one bar. Similarly, Kara et al. [131] concluded
that strengthening RC beams with prestressed NSM FRP
improved their cracking and yielding loads by increasing
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Fig.6 The effect of prestress levels on % P, of the beams strength-
ened with NSM-CFRP [116]

the prestressing levels but showed minimal effect on the
ultimate load.

Zhu et al. [132] presented the results of the mechani-
cal properties of RC beams strengthened with NSM basalt-
FRP (BFRP) bars during and after exposure to high tem-
peratures. They indicated that BFRP bars with epoxy resin
matrix exhibit the best mechanical properties at ambient

@ Springer
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temperature. At the same time, the tensile strength decreased
by approximately 20% during exposure to 200 °C. Alterna-
tively, Gil et al. [133] examined the effect of post-tensioning
strengthening using BFRP laminates using NSM-BFRP with
no prestressing and NSM BFRP with prestressing presented
by tensing the laminate within the concrete gaps. They found
that the ultimate load increased by 63% compared to the CB,
while similar deflections were achieved for both types.
Abdallah et al. [118] showed that side NSM (SNSM)
strengthening could avoid specific non-conventional failure
modes such as pullout or early debonding. Additionally, they
observed that increasing the length of the CFRP bars (SL)
improved not only the failure load of the beam but also the
maximum CFRP strain (Fig. 9). Moreover, the CFRP rods
located near the steel bars and embedded in resin were found
to be more effective than those embedded in mortar or situ-
ated above the main tension steel. Furthermore, Zhu et al.
[134] evaluated the performance of SNSM CFRP strength-
ening on large-scale RC beams. It was observed that, com-
pared to CB, the flexural strength was improved by increas-
ing the prestressing levels and reducing the CFRP spacing.
Yu et al. [121] showed that AA bars with high strength
could enhance the beams' flexural stiffness but reduce
their displacement ductility compared to un-strength-
ened ones (Fig. 10). Alternatively, Imjai et al. [122]
reported that the capacity of pre-cracked post-tension
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CFRP U-jacket [121]

metal strapping (PTMS)- strengthened beam was only
8% higher than CB. Contrariwise, the SNSM increased
the capability of the beam to 55% due to an additional
flexural increase given by FRP bars, as shown in Table 3.
In addition, Ibrahim et al. [135] demonstrated that differ-
ent NSM-hybrid carbon/glass FRP strips showed a lower
tensile strain for beams strengthened with two NSM-FRP
strips than those with three NSM-FRP strips. On average,
the flexural strengthening of RC beams with two NSM-
FRP strips recorded strains up to 65%, corresponding to
96% for beams strengthened with three NSM-FRP strips.

Deng et al. [123] showed that prestressed NSM CFRP
for ultra-high-performance concrete prisms (UHPC)
was an effective and practical way to strengthen the RC
beams. The ultimate load of the 30% prestressed beam
with a 2000 mm bond length was 67.98% more than the
CB. Moreover, Cruz et al. [136] conducted a study on
beams strengthened with two different types of adhesives
(stiff and flexible), considering the presence or absence
of cracks in the concrete before the strengthening applica-
tion. They found that when flexible adhesives were used
instead of stiff adhesives, the load-carrying capacity val-
ues were slightly lower (roughly 19% less). Consequently,
it also provided more ductile failure and higher residual
load capacity (61% enhancement).

Mode of failure of the NSM system

Figure 11 shows the failure modes in this technique. It can
be identified using the abbreviation (S, Cs, CCs, C, Es,
Fr, and F) for steel yielding, concrete cover splitting, con-
crete cover separation, concrete crushing, epoxy-concrete
debonding, epoxy splitting, FRP rupture, and FRP debon-
ing, respectively.

Steel yielding followed by concrete cover splitting (S-Cs)

The splitting of the CC was caused by the growth of a
major horizontal crack, which started from the presence
of the shear fracture at the end of the FRP rods where a
bending crack had existed [114, 116-120, 122, 127, 129,
134, 137]. This type of failure was expected when the stiff-
ness of the NSM element was low (GFRP materials were
an example [117, 138].

Concrete cover separation (CCs)

The CCs failure was a common failure mode of the NSM
technique when the CFRP bars were used as a strengthen-
ing element [117, 139].

Steel yielding followed by splitting of the epoxy adhesive
(S-Es)

First, the tension part of the concrete close to the mid-
dle span of the strengthened beam starts to crack. With
increasing the applied load, the cracks propagate gradually
toward the compressive side of the strengthened beam.
When it reaches its ultimate load, the epoxy adhesive's
cracking continues until a load breakage occurs [114, 117,
140]. The FPR rods were sheared off as the epoxy layer
splintered into various pieces.

FRP debonding and concrete crushing (F-C)

At the start, vertical flexural cracks appear in the mid-
dle of the span. As further increases in load, these cracks
grow wider; however, FRP reinforcement limited the crack
width compared to the un-strengthened beam. Finally, fail-
ure occurred due to debonding between FRP strips at the
strip-epoxy interface. This begins in the center of the span
and is followed by the crushing of concrete [113, 117,
120, 130].

@ Springer
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g) Fr[142]

Fig. 11 Failure modes in NSM strengthening method

NSM FRP deboning (F)

In this mode, the failure is debonding at the interfacial
zone between the adhesive and the fiber resulting in crack-
ing and peeling of the adhesive [112, 119, 141].

NSM FRP rupture (Fr)

As the load increased, cracks in the concrete near the mid-
span expanded onto the surface of the epoxy adhesive,
causing debonding of the epoxy-FRP interface, which led
to the further splitting of the adhesive at the loaded end.
Once the strengthened beam achieves its ultimate load,
the FRP bars at that end rupture while the epoxy remains
undamaged, and no occurrence of slippage at the free end
[114, 115]. The higher prestress delays the separation
of concrete covers, displaying a complete combination
between the prestressed NSM CFRP plate and beam [124].

@ Springer

Shear failure (brittle failure)

In some cases, the reinforcement of specimens has led to the
failure mode changing from ductile to brittle shear. This is
not an ideal result. At the beginning of the process, there are
cracks in the area close to the opening, but with FRP strips
in place, these cracks cannot expand any further. The NSM
strips continue resisting and supporting until they can no
longer bear the load and eventually fail due to reaching their
maximum shear capacity [127].

Strain response and ductility analysis of the NSM
strengthening

The strengthening scheme has been proven effective in
improving the ductility of concrete beams. Rather than
brittle shear failure, strengthened beams experience more
ductile flexural failure. Ductility relates to an object's
capacity to remain in a state of inelastic deformation up
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to failure without losing its load-carrying capacity. Experi-
ments showed that as prestressing levels increase, the
ductility decreases in RC beams strengthened with pre-
stressed-NSM due to reducing usable strain with added
pressure; however, it still causes an increase in cracking
and yielding loads compared to samples without prestress-
ing [116, 131, 134]. Ultimately, higher prestressing num-
bers decrease ductility index—for example, a decrease of
2.5% for beams of 10% prestressed and 35.6% for that
of 50% prestressed with transverse grooves (TGs) was
recorded [116]. As for prestressed CFRP, increasing pre-
stressing gradually reduces ductility and prevents stiffness
loss even after cracking [133]. Results showed that speci-
mens with 30% of their ultimate force exhibited 66% less
ductility than the CB [123]. Even after cracking of FRP,
post-tensioned beams had a maximum 18% reduction in
their effective stiffness, which is an excellent performance
compared to CB.

Al-Issawi et al. [112] observed that the maximum deflec-
tion increased by about 57%, 34%, and 39% for shear spans/
depth ratios of 0.85, 1.136, and 1.42, respectively, when
reinforced with inclined bars. The RC beams strengthened
by NSM and inclined by 90° had more strength and rigid-
ity than those angled at 45°. The ductility of all the beams
decreased compared to the un-strengthened concrete beams,
but the beam with short side NSM bars with a 45° end
anchorage had a noticeable amount of ductility [138]. Gopi-
nath et al. [137] noticed that while the size of the groove and
diameter of the BFRP bar can affect the steel bar's capacity
to take the strain, the strain at maximum load remains almost
similar for BFRP. Al-Mahmoud et al. [6] found that no sig-
nificant decrease in deflection at ultimate load occurred for
beams supplemented with 300 cm of CFRP rods; however,
it led to an increase of 15 mm in the deflection after using 30
cm of extra anchorage length. Rasheed et al. [129] reported
a ductility ratio of 90% in NSM strengthening techniques
and an effective strain ratio of 0.88, mainly due to concrete
crushing (FRP strain at failure =0.015). The decrease in the
ductile values of beams is inferred to be brought on by sup-
plementing them with an insufficient length (210 cm), result-
ing in unconventional failure modes such as peeling off or
early debonding failure [118]. When FRP area and stiffness
increase, the beams' strain reduces, and subsequent deflec-
tion also decreases [117]. However, if the stiffness ratio goes
beyond 1.25, the failure mode changes from concrete cover
separation to concrete-epoxy or strip-epoxy interfaces; thus,
overly-high stiffness has little to no effect. The best way to
enhance the load-bearing capacity when stiffness crosses
this level is by using an anchoring system [139]. The speci-
mens anchorage with a CFRP U-jacket in the NSM method
using AA bars in RC beams experienced a 94% and 34%
increase in displacement ductility compared to the strength-
ened beams without U- jacket [121].

Parameters affecting the flexural property
of NSM-strengthened beams

Type of NSM FRP material

The experimental results showed that beams reinforced
with CFRP bars achieved loads between 155.3 and 166.3%,
higher than those bolstered by GFRP bars (141.2-159.4%).
Furthermore, increasing the area of GFRP bars had a more
significant impact on the maximum load than CFRP bars
[117]. Though they held more weight, CFRP-strengthened
beams exhibited more brittle behavior [119]. The flexural
performance of the strengthened beams increased by over
35% when using the NSM AA system [121]. Therefore,
compared to beams reinforced with GFRP reinforcement,
NSM-CFRP-bolstered beams produced better results with
greater ultimate strength but poorer resistance to mid-span
deflection.

The amount of NSM FRP

With the addition of NSM bars, Kotynia [126] revealed
that the bond strain of a single CFRP strip surpasses that of
double strips in lower steel percentage beams. Furthermore,
the enhancement of post-tensioned NSM reinforcement to
RC beams increased as additional bars were added. As the
number of GFRP bars increases from one to two, the maxi-
mum measured crack width decreases by about 8% and 28%,
respectively, compared to the REF beam [119]. However,
when high reinforcement area was used, flexural capacity
and pre-yield stiffness increased significantly, although
deflection and energy ductility were severely affected [117,
120, 137]. Codes of practice limit the total tension steel
ratio to prevent sudden compression failure. In particular,
placing two CFRP strips in a single groove over attaching
them increases the ultimate load between 19 and 74.5%
[143]. Implementing NSM-CFRP strips distributed across
two grooves instead of one can result in fewer crack widths
and an increased ultimate load [113]. The hybrid method of
NSM and EB beams displays lower capacities than the NSM
beams with two bars [119].

The NSM bonded length

The effectiveness of CFRP plates in concrete repair and
strengthening can be improved by increasing its length [6].
It was found that when the CFRP rods were extended by 60
cm, this prevented a non-conventional failure mode (peeling
off) or delayed debonding failure, thus improving the effi-
ciency as a reinforcing material [118]. Additionally, another
research team noted that when bond lengths between FRP
bars and strips increased, while the clear distance decreased,
the ultimate strength and ductility increased [144]. This
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supports the claim that short CFRP lengths can affect its
repair and strengthen effectiveness. The beam capacity and
NSM efficiency increased as the bond length became criti-
cal. Afterward, the increase rate became trivial with further
increase in the bond length [6, 139, 144, 145].

The positioning of the NSM bars

When the NSM bars were arranged inclinedly, the load-
carrying capacity increased by 9.33% compared to beams
strengthened with only vertical bars [112]. However, there
was a slight reduction in both the yield and the ultimate
load-carrying capacities of the beam strengthened by CFRP
upper the main tension steel. This is because the CFRP rods
cause additional tensile stress above the level of steel bars,
thereby decreasing the system's effective moment arm within
the beam's cross-section [118].

Spacing between NSM bars

Longitudinal CFRP spacing reduction increased ultimate
load and yield load in non-prestressed strengthened beams
[112]. By decreasing the distance between NSM bars from
150 to 100 mm, the load capability increased by around
5.8% [112]. Moreover, increasing the GFRP bar size from 6
to 10 mm, and decreasing the spacing from 160 to 120 mm,
will also result in a slight increase in loading capacity (less
than 5%) [127]. Also, enhancing the area below the lateral
neutral axis of the tested beam with SNSM improved the
flexural capacity of this strengthened beam as CFRP strip
spacing decreased [134].

NSM Bar diameter

Changing the diameter of vertical strengthening bars from
8 to 12 mm increased the load-carrying capacity by 6.85%
[112]. This rise was even higher when NSM-CFRP bars
increased by 13.12%, with a jump to 21.95% in maximum
load capacity at the same failure mode. With a 50% increase
in the diameter of NSM GFRP bars, the specimens experi-
enced a 75.2% increase in failure load and experienced the
same type of failure [12].

Anchorage systems

The beams reinforced with prestressed NSM-CFRP plates
suddenly failed. Thus, the utilization of prestressed NSM-
CFRP plates in field applications can be improved by pre-
venting the issue of end anchoring. This could be done by
clamping the mechanical anchorages at the ends of the plates
and at the two ends of the NSM FRP bars to prevent separa-
tion of the concrete cover. Wrapping the FRP bars with a
U-shaped fire protection board could be another measure to

@ Springer

ensure that anchorage is maintained when exposed to high
temperatures [132]. With these mechanical anchorages, it
was found that the overall load-carrying capacity of the
beams increased by 6-12% [121].

Epoxy

Sharaky et al. [117] conducted experimental work involv-
ing two types of epoxy resin (A and B). Type A, MBRACE
ADHESIVE HT (BASF), consisted of primer and epoxy
paste, while type B was POLYFIXER EP (ROBERLO).
Comparing the average properties between the two resins,
type A had a modulus of elasticity of 5761 MPa, compres-
sive strength of 70.2 MPa, and tensile strength of 18.9 MPa.
In contrast, type B had 8000 MPa, 95.5 MPa, and 23 MPa,
respectively. The results indicated only a slight impact on the
yielding and ultimate loads due to the choice of epoxy type
because stability was governed by concrete cover separation
(Fig. 8). Interestingly when comparing post-tensioned NSM
strengthening with mortar filler versus the use of flexible
adhesive, it was found that adhesive improved strengthen-
ing by 16% on uncracked series and 28% on cracked beams
in comparison to mortar filler [136]. Moreover, after the
maximum load-carrying capacity of the adhesive, CFRP
continued to contribute, resulting in a post-failure residual
load capacity of about 40% higher than achieved with steel
reinforcement [136].

Beams strengthened with combined NSM
technique and external FRP bonding

A combined NSM technique and external FRP bonding were
developed as a new strengthening system to make reinforc-
ing simpler and more accessible. Ferrier et al. [103] used
16 specimens with three types of reinforcement, composite
fiber cement internally reinforced with CFRP or GFRP rods
(CFCIR-CFRP or CFCIR-GFRP), NSM CFRP bars, and
EB-CFRP plate in four-point bending load tests. According
to the results, FRP reinforcement was found to limit both
the crack opening and crack effects. Additionally, the new
EB reinforcement system improved the mechanical prop-
erties of the RC beams at both service and failure levels
by increasing bearing loads by 63%. Moreover, the study
performed by El-Sherif et al. [142] showed that the hybrid
near-surface embedded/externally bonded (NSE/EB) and
FRCM could strengthen the RC beams. The increase in load
capacity due to this strengthening scheme ranged from 24.8
to 109%. The test parameters variation led to different fail-
ure modes (plate-end delamination for beams strengthened
with PBO-FRCM and fabric rupture for beams with GFRP-
FRCM strengthening). The ductility decreased for speci-
mens with low reinforcement ratios, while the post-crack
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stiffness increased by 78%, 23%, and 56% for Carbon, PBO,
and GFRP-FRCM reinforced beams.

Discussion

The beams strengthened with EB strengthening without end
anchorage experienced load efficiency lower or higher than
those with U- a wrapping sheet and end anchorage, depend-
ing on the failure mode. This means that the efficiency of the
EB strengthened was not only affected by the end anchorage
but also by the FRP area and EB shape due to the IC debond-
ing failure [47-56, 58, 59, 61, 62, 68, 71-75, 83, 84, 86,
88-90, 92, 95, 97, 107, 146, 147]. The increase in EB area
had the most significant effect on the beam capacity among
all the factors affecting the EB strengthening. Conversely,
the beams strengthened with NSM reinforcement without
end anchorage experienced lower or higher load efficiency
than those with end anchorage, depending mainly on the
failure mode. The efficiency of the NSM strengthening was
significantly affected by the end anchorage when the failure
mode was CCs, while the end anchorage effect was trivial
for beams that failed with bar rupture or Cs failures. Con-
versely, slight effects of FRP area were noticed for beams
strengthened with NSM bars due to the CCs and Cs failure
modes while using FRP strips was more efficient than the
bars [13, 115-122, 124, 130, 134, 142, 148].

Table 4 shows the load efficiency of EB and NSM for
the same beam dimensions and internal reinforcement. The
table showed that the type of strengthening element greatly
affected the EB and NSM efficiency. Abdallah et al. [5]
found that the NSM recorded higher load efficiency than
the EB one, although the NSM element had lower axial stiff-
ness than the EB one. Khalifa [113] illustrated that with the
same axial stiffness, the EB technique showed higher load
efficiency than the NSM one. Rasheed et al. [129] mentioned
that the failure mode significantly affects both EB and NSM
techniques' efficiency.

Challenges and future research needs

Using fiber-reinforced polymer composite materials is a
pretty option because it offers many advantages over the
standard steel plate bonding technique, including a high
strength/weight ratio, high corrosion resistance, and sup-
pleness with the architectural uses [46]. Several research-
ers recommended using assorted end anchorage systems to
avoid such a sudden premature debonding failure and ensure
that strengthened members will develop their total flexural
capacity. However, the high cost and manufacturing com-
plexities of FRPs have made them impractical for use in
civil applications, as noted by Wittocx et al. [149] and Mash

et al. [150]. This led to investigating whether repairing an
existing structure is more environmentally and economi-
cally advantageous than constructing a new one [151]. The
material prices will be roughly 16-17 times more when a
comparable portion of CFRP was used in place of a standard
steel plate, while for AFRP, the cost difference was almost
eight times larger [152]. CFRP and GFRP are more expen-
sive than AFRP. The cost of FRP components increased by
prerequisite for particularly unique operational procedures
[152]. Furthermore, GFRP was considered an excellent insu-
lation and low-cost strengthening material [153]. Attribut-
able to low price and intermediate mechanical properties,
one of the potential applications of basalt fiber is the suit-
able combination with other composite materials for light-
weight structures. Moreover, it reduced the usage of CFRP
and maintained its high mechanical properties [154]. Basalt
fiber has been introduced as an alternative to mixing glass
fiber with carbon fiber [154]. However, the cost of CFRP
material was several times more than steel plates. The fact
that 6.2 kg of CFRP could be used instead of 175 kg of steel
could explain the advantages of FRP over steel plates [155].
Attia et al. [125] found that using the NSM system with the
steel plate method for beam strengthening had the lowest
cost. Additionally, it resulted in the highest increase in the
maximum load compared to all the other techniques. The
study also found that based on the lowest cost beam, every
1 kN increase in the maximum load required 0.4 dollars.
For beams strengthened using GFRP, the NSM system with
GFRP, U-section with steel fiber, and three perpendicular
strips of GFRP, the cost increases were 49.3%, 5.3%, 28.4%,
and 191.6%, respectively. Sun et al. [156] suggested that
cost-effective and potentially highly durable fillers could
achieve more significant strength than conventional NSM
methods with epoxy filler. Moreover, the high-viscosity
fillers could also be easily installed for those side/bottom
applications.

Soon, challenging times with a sharp increase of these RC
buildings requiring repair or replacement could be expected
with increased construction and demolition waste and the
need for new construction material. The production process
of cement as an essential component to produce concrete
and repair mortar uses approximately 12—-15% of the total
industrial energy demand. Consequently, it represented
around 5-7% of the global CO, emissions from all indus-
trial processes and fossil-fuel combustion [149]. As a result,
new composite materials based on inorganic cementitious
matrices have been developed. These materials have led to
the proposal of various cement-based strengthening systems
for RC structures, such as textile-reinforced concrete (TRC),
textile-reinforced mortar (TRM), fiber-reinforced cementi-
tious matrix (FRCM), and fiber-reinforced grout (FRG)
[157]. Also, to resolve the issue of compromised load trans-
fer caused by anchorages, cost-effective alternatives such as
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cement-based paste and ceramic tile adhesive could provide
a similar load capacity as that of epoxy-based methods. Fur-
thermore, these substitutes were less sensitive to environ-
mental factors, such as UV light and freeze—thaw cycles,
than epoxy-based methods [156].

Although several testing standards have been published,
further standardization is still required to encompass a
broader range of weather conditions, test durations, types of
test samples, and qualifications for testing personnel. Addi-
tionally, it would be intriguing to examine and test some of
the initial constructions that were reinforced or strengthened
with FRP to assess their long-term performance. This inves-
tigation could provide more insight into the actual behavior
of such structures under real-world application, service, and
weather conditions. Furthermore, it is necessary to compare
different types of fibers based on their capacity for increas-
ing strength, environmental effects, and cost. Finally, as
almost all the discussed research were related to practical
job and the concern of the uncertainty was not involved in
these reviewed practical works which should be taken into
account in the future work as was discussed in [158]. Con-
versely, in this paper the reviewed researches were aimed
also to discuss the effect of the parameters affecting EB
and NSM strengthening techniques, but the effect of these
parameters was checked by small number of specimens and
the other governing factors were changed from one research
to another. To solve this problem the future work should
include a sensitivity analysis to show the influence of these
parameters on the results [159, 160].

Conclusions

1. The NSM method requires minimal surface preparation
and is relatively easy to install, making it a cost-effective
solution. Conversely, the EB technique involves complex
surface preparation, such as cleaning and roughening the
surface and applying a bonding agent.

2. The CCs failure mode was more common than the inter-
facial debonding failure mode for the RC beam upgraded
with NSM CFRP elements. In contrast, IC debonding
was the most common failure mode for EB strengthen-
ing.

3. Adding FRP U-jacket and end-anchorage systems to the
EB or the NSM elements enhanced the strengthened sys-
tem's load-bearing capacity and displacement ductility.
The end anchorage was more efficient for EB and NSM
strengthening when the failure is plate end-peeling and
CCS, respectively. In contrast, the end anchorage had
trivial effects on the EB/NSM efficiency when the fail-
ure mode is IC, CS, or FRP rupture.

4. Although FRP composite materials had many advan-
tages compared to metallic materials as strengthening

elements, their higher cost and manufacturing difficul-
ties made them impractical for civil engineering applica-
tions.

5. The NSM reinforcement technique was more efficient
than the EB strengthening method for strengthening
RC beams in flexural, while the NSM CFRP strips
experienced superior efficiency among all other NSM
FRP shapes (round bars and square bars) due to its high
perimeter-to-area ratio.

The review offered significant gaps that need to be studied
in future work as follows:

1. Few experimental studies were performed on continuous
RC beams and frames compared to those treated with
simply supported RC beams. In the simply supported
beams, the sagging moment region was strengthened
with the FRP reinforcement, so studying the efficiency
of FRP in strengthening the hogging moment regions is
still limited.

2. The effect of U-shaped FRP jackets and other end
anchorages of EB and NSM strengthening was experi-
mentally studied, but a design method to capture their
impact is essential.

3. The review showed that only a few experimental studies
were performed under high temperatures for the beams
strengthened with EB and NSM strengthening. Study-
ing the effect of high temperatures and direct fire on
the behavior of RC beams strengthened with NSM/EB
elements is necessary.

4. The use of CFRP materials as EB/NSM material was
common for beams internally reinforced with steel,
while using GFRP or CFRP elements as EB/NSM
strengthening elements is still limited for beams inter-
nally reinforced with GFRP bars.
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