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This study investigates the impact of flexural retrofitting on the load-bearing capacity, ductility and failure
modes of concrete prisms using the NSM-FRP technique, considering four design parameters. Some specimens
were retrofitted with NE only, while others incorporated FRP (i.e. CFRP, GFRP or BFRP) reinforcement bars
alongside NE to assess the influence of presence of FRP reinforcement on the specimens’ performance. The study
also examines changing the position of GFRP reinforcement bars (cantered or along the groove’s edge), using
different numbers of CFRP bars (one, two or three) and considering three groove dimensions (8 x 8 mm?, 10 x
10 mm? and 12 x 12 mm?). Results showed that NE-only retrofitting increased the capacity by about 38 %
compared to the non-retrofitted specimens, with negligible impact on ductility. Introducing FRP reinforcement
led to an approximately twofold increase in capacity and ductility compared to NE-only retrofitting. Placing
GFRP reinforcement bars along the edge of the groove minimally affected the capacity but reduced ductility by
about 24 %. Increasing the number of CFRP bars from one to three significantly improved capacity and ductility
but increased the risk of debonding failures. Using larger groove sizes (10 x 10 mm?) enhanced capacity of the
CFRP-retrofitted specimens, slightly reduced GFRP-retrofitted concrete capacity and improved ductility for both.
The 12 x 12 mm? groove size reduced capacity but increased ductility. The 10 x 10 mm? groove size effectively
prevented debonding failures observed with other sizes.

1. Introduction

Despite numerous successful concrete structures, many have been
compromised and rendered unsafe or unsatisfactory for current speci-
fications, because of corrosion of steel reinforcement, improper/insuf-
ficient maintenance, severe environmental conditions, increase in the
applied loads recommended by design codes and standards due to
functional change and/or errors in the design/construction phase [1-4].
All these reasons would negatively affect the durability and service-
ability of concrete structures and deteriorate their structural integrity.
Therefore, the need for retrofitting is gradually increasing with the in-
crease of the age of concrete structures.

Using fibre reinforced polymer (FRP) materials has gained popu-
larity worldwide in retrofitting applications and civil construction since
the 1990s and could produce reliable strengthening and repairing sys-
tems for existing concrete structures [5-9]. This was due to continuing
drops in the cost of those materials besides their many advantages over
conventional strengthening materials (e.g. concrete, steel and wood),
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including their high strength-to-weight ratio (i.e. high modulus of
elasticity and tensile strength), low thermal conductivity, high dura-
bility (noncorrosive), electromagnetic neutrality, rapid execution with
less labour, ease of handling. Furthermore, FRP reinforcements provide
lower installation and reduced maintenance costs, reduced mechanical
fixing, excellent malleability and unlimited availability in size (i.e. di-
mensions) and geometry.

Several techniques can be adopted to utilise the FRP materials in
rehabilitating deteriorated structures. The externally bonded rein-
forcement (EBR) strengthening system is the most widespread system for
strengthening/retrofitting of concrete structures and has become a
prevalent technique over the last two decades [10]. However, the
EBR-FRP reinforcement has a number of limitations/disadvantages. For
instance, the premature debonding of FRP composites from concrete
surface, as they are susceptible to the risk of physical damage, fire and
vandalism as a result of collision during stress transfer process, and
humidity effect for being open to atmosphere, where EB FRP plates tend
to debond at low strains, which eventually limits the ductility or
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moment redistribution to such an extent that guidelines often impede
moment redistribution, leading to inefficient use of reinforcing material.
The drawbacks of the EBR-FRP system (i.e. debonding failure) have led
the researchers to search for an alternative to provide the retrofitted
members with better performance under severe conditions and near
surface mounted (NSM) technique has been found to be the most
appropriate alternative.

NSM technique was found to have many advantages over EBR
counterpart; The NSM-FRP reinforcement is embedded into slits cut onto
the concrete substrate using an appropriate adhesive, that would protect
it against harm resulting from acts of vandalism, fire, mechanical
damage, harsh environment and ageing effects. Thus, the FRP materials
are less prone to debond from concrete substrate. Moreover, the NSM
retrofitting process requires no surface preparation work and, after
cutting the thin slit, requires minimal installation time. Owing to its
numerous features, NSM-FRP system has been found to be in effect for
retrofitting concrete structures. It has been reported that utilising NSM-
FRP reinforcement is feasible in enhancing the flexural strength,
ductility and load-carrying capacity of concrete elements [11-17]. The
flexural response of the NSM-FRP-retrofitted concrete members has
been found to be influenced by several factors, e.g. the percentage of
NSM-FRP reinforcements [14,16,18-21], groove size [17,21,22] and
FRP reinforcement type [17,27], to name a few. Using two NSM-carbon
FRP (CFRP) bars rather than one yielded about 25.6 % and 7.5 % in-
creases in the yielding and maximum loads, respectively, which
increased by about 11.7 % and 13 % when using NSM- glass FRP (GFRP)
bars [14]. Nurbaiah et al. [18] reported that doubling the number of the
GFRP rods increased the ultimate load of the strengthened beams by 34
%, but reduced the ultimate deflection by 41 %. In contrast to that,
doubling the number of GFRP bars could increase both maximum load
(30.7 %) and mid-span deflection (15.2 %) [20]. Further study [21]
indicated that tripling the CFRP reinforcement area led to about 14.4 %
increase in the maximum load, however, about 29 % reduction in the
maximum deflection was observed. Doubling basalt FRP (BFRP) bars
showed increment in the maximum load (26.4 %) and the corresponding
maximum moment (26.3 %), however, 13.7 % reduction in the mid-span
deflection at maximum load was observed [19].

For the influence of the type of the FRP reinforcement, the yield and
ultimate loads of the CFRP-reinforced beams were found to be consis-
tently higher than GFRP counterparts by 23 % and 19.7 %, respectively
[17]. However, the mid-span ultimate displacement and ductility factor
dropped by 45 % and 69 %, respectively, which resulted in higher steel
strains, indicating lower utilization ratio of the FRP reinforcement.
Abdallah et al. [27] found that using NSM-GFRP bars improved ductility
by about 24 % compared with using CFRP bars. However, the
load-carrying capacity of the NSM-GFRP-strengthened beams was about
77 % of those strengthened with CFRP bars, which also achieved higher
stiffness.

The effect of the groove dimensions has also been attempted. It was
reported that using smaller groove width (i.e. 1.5*FRP strip width (bp)
instead of 2.0by) resulted in 28 % higher load capacity and about 44 %
ductility increase [21], which could also delay the debonding failure.
Soliman et al. [17] found that the ultimate loads of the specimens
strengthened with a groove size (i.e. depth) of 1.5d (d is the CFRP bar
diameter) were about 8.33 % higher than those strengthened with 2.0d
groove size. It’s noteworthy that minimum groove dimensions of 1.5dy,
(dp is the FRP bar diameter) has been proposed by the ACI 440.2R-08
[28]. Thus, all the relevant work done considered that suggestion,
which doesn’t always have to be the optimum groove size.

Therefore, it can be remarked that the research effort that was
dedicated to study the effect of the groove size, the type and percentage
of the FRP reinforcement on the efficiency of the NSM-FRP concrete
retrofitting is inadequate, while there have been limited studies exam-
ining the impact of these parameters on the efficiency of the NSM-FRP
retrofitting process for concrete members, few have specifically inves-
tigated the performance of BFRP-retrofitted specimens or explored the
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effects of increasing NSM-CFRP reinforcement, along with the use of
groove dimensions smaller than 1.5d.

Thus, further in-depth exploration is highly required. Moreover, in
order to investigate the full potential of utilizing the NSM-FRP rein-
forcement for concrete retrofitting, the influence of other parameters
should be considered, e.g. the position of the FRP reinforcement inside
the grooves, which, to the best of the authors’ knowledge, has not been
studied yet. Therefore, with the aim of establishing a correlation be-
tween retrofitting parameters and structural performance to eventually
develop the optimum retrofitting systems, this study investigates the
effect of multiple parameters on the efficiency of the NSM-FRP retro-
fitting process. A series of concrete specimens (i.e. prisms) with di-
mensions of 50 x 50 x 200 mm were flexural retrofitted and tested
under three-point bending. The parameters investigated include the
presence of NSM-FRP reinforcement, its position inside the groove,
number of NSM-FRP bars in addition to the groove size. The results were
presented and analysed in terms of the structural behaviour (i.e. ca-
pacity and ductility) of tested specimens in addition to the accompa-
nying failure modes.

2. Experimental programme
2.1. Test specimens

For the purpose of NSM-FRP retrofitting, a total of 11 concrete prisms
with dimensions of 50 x 50 x 200 mm were prepared, each with three
replicates, ten of which were cast and retrofitted with 6 mm diameter
CFRP, GFRP or BFRP bars each alongside neat epoxy (NE) adhesive and
the eleventh was retrofitted using NE only. One more specimen (three
replicates) served as a control (non-retrofitted). The specimens to be
retrofitted are shown in Fig. la. The following test parameters were
considered for the purpose of this study:

o presence of FRP reinforcement: the effect of retrofitting the concrete

specimens with NE only and with FRP (i.e. CFRP, GFRP and BFRP)

bars alongside NE was investigated.

position of FRP reinforcement: the GFRP reinforcement was installed

into grooves in two different positions, e.g. in the centre of the

groove or at its edge.

number of FRP bars: specimens were retrofitted with either one, two

or three CFRP bars.

e groove size: three groove dimensions (i.e. width x depth), that is, 8 x
8 mm, 10 x 10 and 12 x 12 mm with 1.33, 1.67 and 2.00 groove
width or depth to FRP bar diameter (b/db) were considered.

The retrofitting design of tested specimens are provided in Table 1.
The designation of the specimens followed the format "X-Y", while X
indicates the FRP type (i.e. C for CFRP, G for GFRP and B for BFRP) and Y
is the groove size (i.e. 8, 10 or 12). It’s noteworthy that the word "Edge"
was added after Y for the specimens retrofitted with FRP installed at the
groove edge, while using the letters "D" or "T" after Y indicates the
specimens retrofitted with two or three FRP bars (doubled or tripled
number of bars), respectively. An exception was made to those speci-
mens retrofitted with NE only, as there were designated NE-8.

2.2. Material properties

2.2.1. Concrete

Concrete with 28-day average compressive strength of 29.6 MPa,
determined on standard concrete cylinders (i.e. 100 mm diameter x 200
mm height), was prepared. Concrete mix design is listed in Table 2.

2.2.2. FRP reinforcement

CFRP, GFRP and BFRP round bars with 6 mm diameter were used for
the purpose of this study. The FRP bars are shown in Fig. 1b and their
mechanical properties are provided in Table 3. The CFRP bars were
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Fig. 1. (a) Concrete specimens to be retrofitted and (b) FRP bars used in this study.

Table 1
NSM-FRP retrofitting design.
Specimen  FRP Groove FRP bar Number of
reinforcement dimensions position FRP bars
(mm?)
Control - - - -
NE-8 - 8x8 - -
C-8 CFRP 8x8 Centre One
G-8 GFRP
B-8 BFRP
C-10 CFRP 10 x 10
C-12 CFRP 12 x 12
G-10 GFRP 10 x 10
G-10- GFRP 10 x 10 Edge
Edge
G-12- GFRP 12 x 12 Edge
Edge
C-8-D CFRP 8x8 Centre Two
C-8-T CFRP Three
Table 2
Concrete mix design.
C: S: Agg. = 1:1:2 (by volume)
Ingredient Description Quantity (Kg/m%)
(w/c = 0.50)
Cement Type I Ordinary Portland cement (OPC) 340
Coarse Crushed stones with angular edges (1 780
aggregate mm < size < 5 mm)
Sand Sharp silica sand with uniform grain size =~ 397.5
(250 pm < size < 1 mm)
Water Tap water 170
Table 3

Mechanical properties of the FRP bars and epoxy adhesive (As per suppliers).

Property Tensile strength E-modulus Elongation at

Material (MPa) (GPa) break (%)

CFRP (Sika® 3100 148 1.6
CarboDur® BC 6)

GFRP 1280 > 40 N/A

BFRP 1000 > 45 N/A

Epoxy adhesive 29 11.2 N/A

provided by Sika Limited, UK, while Engineered Composites Ltd, UK
provided the GFRP and the BFRP bars.

2.2.3. Epoxy adhesive

Sikadur®—30, a thixotropic, structural 2-component adhesive, based
on a combination of epoxy resin and hardener (i.e. A & B) was used.
Properties of epoxy are shown in Table 3. Epoxy was provided by Sika
Limited, UK.

2.3. Retrofitting process and test setup

The NSM-FRP retrofitting process started with roughening the
groove sides with sandpaper. Then, an air compressor was used to clean
and remove the dust from the grooves. After adhesive was put partly into
the grooves using a trowel, the FRP bars were placed in the grooves and
carefully pressed. This helped the paste spread around the strip and fill
the gap between the bars and the groove sides. Finally, more adhesive
was added to the grooves, and the surface was levelled. The retrofitted
specimens were then air-cured in the ambient temperature for 7 days.
This ensured that the adhesive properly cured and created a sufficient
bond between the concrete substrate and the FRP reinforcement bars.
The retrofitting process is depicted in Fig. 2. The specimens were tested
using an INSTRON 5969 Universal testing machine under a 150 kN load
cell with a crosshead speed of 1.04 MPa/min (avg.) according to the
ASTM C 78-02 [26]. The ultimate loads, flexural strength and dis-
placements at maximum loads (described as maximum displacements
through the paper) were recorded using a data acquisition system, and
the failure modes were also monitored.

3. Results and discussion

A total of 36 three-point bending tests were conducted, three repli-
cates (i.e. A, B and C) of each configuration were prepared and the
average capacities (i.e. ultimate loads, max flexural strength and the
maximum displacement (i.e. ductility)) were obtained and are sum-
marised in Table 4. The failure mode of each replicate was addressed
individually. The effect of the different parameters on the overall flex-
ural capacities, ductility and the failure modes of the retrofitted concrete
are discussed in the following sections.

3.1. The effect of presence of FRP reinforcement

3.1.1. Overadll flexural capacity
It was observed that retrofitting concrete by epoxy only (i.e. NE-8)
resulted in about 38 % and 2 % increase in the ultimate load and
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Fig. 2. NSM-FRP retrofitting of concrete specimens.

Table 4
Overall capacities and failure modes of tested specimens.

Specimen  Avg. Avg. max Avg. max Failure mode
ultimate flexural displacement
load (kN) strength (mm) (CoV)
(CoV*) (MPa)
Control 3.55 (0.08) 6.39 0.58 (0.17) Flexural
NE-8 4.90 (0.06) 8.81 0.59 (0.32) Flexural
C-8 14.75 (0.04) 26.55 1.27 (0.09) Shear and
debonding
G-8 14.86 (0.07) 26.75 1.84 (0.12) Flexural
B-8 14.85 (0.19) 26.73 2.02 (0.05) Shear and
flexural
c-10 21.67 (0.16) 38.99 1.61 (0.11) Shear
C-12 12.98 (0.13) 23.37 1.84 (0.12) Shear and
concrete
crushing
G-10 14.36 (0.19) 25.85 2.63 (0.24) Shear and
flexural
G-10- 14.56 (0.20) 26.21 2.00 (0.26) Shear and
Edge flexural
G-12- 13.10 (0.20) 23.58 2.49 (0.25) Shear and
Edge flexural
C-8-D 17.80 (0.09) 32.04 3.06 (0.81) Debonding
and FRP
rupture
C-8-T 24.96 (0.06) 44.94 2.12(0.19) Debonding

* Coefficient of variation.

ductility, respectively over the non-retrofitted specimen. The capacity
increase may be due to the high tensile strength of epoxy compared to
that of concrete, which enhanced the flexural capacity of concrete
specimens. On the other hand, using such brittle adhesive had a trivial
effect on the ductility. While using CFRP, GFRP or BFRP bars alongside
NE resulted in about 315 %, 319 % and 318 % increase in the ultimate
loads, respectively with accompanying 119 %, 217 % and 248 %
ductility increase over the control specimen.

In comparison with specimen NE-8, it was found that using CFPR
bars combined with NE (i.e. specimen C-8) for retrofitting showed about
201 % increase in the load-carrying capacity of the specimens and about
115 % in ductility. Retrofitting specimens with GFRP bars resulted in
about 203 % and 212 % ultimate load and ductility increases, respec-
tively, while the BFRP-retrofitted specimens showed about 203 % and

242 % increases, respectively in the ultimate load and ductility. It is
apparent that using the FRP reinforcement alongside epoxy would resist
the crack progression in addition to enhance the bond at the interfaces,
which would eventually delay the failure. It was also noticed that using
different types of FRP bars had a similar contribution (i.e. increase) in
the load-bearing capacities, but different ductility response was
observed. This could be due to the difference in the mechanical prop-
erties of FRPs (Table 3), which affected the bond behaviour of the in-
terfaces, and ultimately the specimens’ ductility. The test results are
shown in Fig. 3.

3.1.2. Failure modes

As shown in Fig. 4, using NE alone for retrofitting resulted in a brittle
failure mode, as it resulted in an insignificant improvement in the
ductility of the retrofitted concrete, as discussed in the previous section.
Thus, the flexural crack can be seen to easily propagate through the
epoxy line passing to the other side of concrete substrate, breaking the
specimens into two parts. While in the case of considering FRP rein-
forcement bars in the retrofitting process, the modes of failure seemed to
be more ductile, and they changed to shear failure mode combined with
bar slippage in the CFRP-retrofitted specimens, while the specimens
retrofitted with GFRP bars mainly failed in flexure, which resulted in
peeling-off of the adhesive layer at the bar-epoxy interface followed by a
partial detachment of concrete substrate. A mixed shear and flexural
failure mode was observed in the BFRP-retrofitted specimens, leading to
minor concrete crushing.

It’s worth mentioning that, owing to the comparatively lower me-
chanical properties of the BFRB bars (Table 3), the BFRP-retrofitted
specimens exhibited a higher degree of ductility. This enhanced
ductility was manifested through the presence of a greater number of
minor cracks around the concrete-adhesive interface prior to failure,
which contrasted with the behaviour observed in the GFRP-retrofitted
specimens. The latter, on the other hand, demonstrated a higher inci-
dence of hairline cracks (i.e. higher ductility) before reaching the failure
point compared to specimens retrofitted with CFRP bars, known for their
superior mechanical properties.

3.2. The effect of position of FRP reinforcement

3.2.1. Overall capacity
Test results exhibited that changing the position of the GFRP bars
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The effect of presence of FRP reinforcement on the specimens' capacities
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Fig. 3. Effect of presence of FRP reinforcement on the specimens’ capacities.

Fig. 4. Failure modes of specimens (a) control, (b) NE-8, (c) C-8, (d) G-8 and (e) B-8.

inside the grooves had trivial effect on the load-carrying capacities of the
specimens, where only about 1 % capacity increase was observed with
considering the edge-installed reinforcement over the centred-installed
one. However, a considerable increase of about 32 % in the ductility
was observed by the latter configuration over the former one. This could
be because of in the case of the edge-installed FRP bar the thickness of
the epoxy layer between the bar and the concrete substrate at that edge

was less compared to that in the case of the middle-installed bar, and as
the epoxy layer acts as a medium to transfer stress from concrete to FRP,
thinner epoxy layer might not be able to work properly (i.e. transfer
stress) amongst the interfaces as it did in the other specimen, which
eventually increased the stress concentration at the edge leading the
specimen to behave in more brittle mode. Fig. 5 shows the results
graphically.
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Effect of position of GFRP reinforcement on the specimens’

capacities
30
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mG-10-Edge ®G-10

Fig. 5. Effect of position of GFRP reinforcement on the specimens’ capacities.

3.2.2. Failure modes

A combined shear and flexural mode of failure was noticed in spec-
imen G-10. Where specimens A and B mainly failed in flexure, as a wide
flexural crack produced in the middle of the specimens breaking through
the epoxy line to the other side, however, no debonding was observed. A
minor shear crack appeared to the right of the main crack, but it did not
contribute to the failure mode. Specimen C failed due to a major shear
crack, leading to peeling-off of a small part of concrete and epoxy layer
at the epoxy-FRP interface (i.e. debonding), however no minor cracks
were noticed.

Similar observations were reported in specimen G-10-Edge, in which
specimens A and B failed in pure flexure with one main crack produced
and progressed through concrete and directly moved to pass through the
entire epoxy layer to the other side without generating a crack tail along
the epoxy line, which also occurred in specimen G-10. Specimen G-10-
Edge-C failed in similar manner to that noticed in specimen G-10-C, but
no debonding or concrete detachment took place in the former spec-
imen. This was attributed to that, as previously discussed, putting the
FRP bar at the groove edge decreased the specimens’ ductility, which
could lead to premature failure before any type of peeling-off happens.
In addition, being the bar closer to the concrete edge, this might protect
it, to some extent, from debonding, as stresses might not be able to

progress into the concrete body. The failure modes of specimens G-10
and G-10-Edge are shown in Fig. 6.

3.3. The effect of number of CFRP reinforcement bars

3.3.1. Overall capacity

Increasing the amount of the CFRP reinforcement resulted in an
enhancement in the load-carrying capacities in addition to the ductility
response. Where doubling the number of the CFRP bars yielded about
21 % and about 141 % increases in the ultimate load and ductility,
respectively, about 69 % capacity increase and about 67 % ductility
enhancement were obtained with tripling the number of bars. Moving
from two to three bars was found to increase the capacity by about 40 %,
however, about 44 % reduction in the ductility was remarked.

It could be axiomatic to obtain a capacity increase with increasing
the number of bars, which would enhance the resistance to failure
cracking and eventually delay the failure. However, the ductility
improvement could be referred to that using more reinforcement would
make the crack progression more difficult, as the crack in the single FRP-
retrofitted specimens, for instance, would need to break though only one
adhesive layer to cause the failure at the interface and eventually in the
specimen, but in the case of the presence of two or three adhesive layers,

(b)

Fig. 6. Failure modes of specimens (a) G-10-Edge and (b) G-10.



M. Al-Zu’bi et al.

the task would be harder and would take longer to be achieved. This
would end up with higher-strength specimens and result in a more
ductile behaviour, since the specimen would keep displaced for longer
time. Nevertheless, increasing the number of FRP bars by 50 % (i.e. from
two bars to three) negatively affected the average ductility of the ret-
rofitted concrete, as found in some previous studies [21,27]. The results
are shown in Fig. 7.

3.3.2. Failure modes

It is evident that the specimens C-8 (i.e. A, B and C) mainly failed in
shear. Where in specimen A, the shear crack produced in the concrete
body and continued to pass through the epoxy layer but with less width
than in the concrete, since epoxy is stronger, which was able to stop its
progress. Similar mode of failure was noticed in specimen C, but the
crack continued to progress through concrete after it passed the epoxy
layer, which was able to curb the crack to pass through it in specimen B,
but that led to debonding (i.e. CFRP bar slippage) at the FRP-epoxy
interface. A shear failure followed by debonding at the bar-epoxy
interface was noticed in specimen C-8-p-A, in addition to CFRP
rupture. While debonding at both the concrete-epoxy and epoxy-bar
interfaces was noticed in specimens B and C, with partial concrete
detachment in C, no minor cracks were remarked in C-8 and C-8-D. For
specimen C-8-T, it was noticed that A, B and C failed in the same manner,
which was due to shear cracks that eventually led to debonding at both
interfaces. Some minor cracks showed up near the surface. The failure
modes of specimens C-8-D and C-8-T are shown in Fig. 8.

Therefore, the increase in the number of CFRP bars resulted in the
retention of the shear failure mode within the concrete structures.
However, an increase in debonding at the interfaces was observed,
potentially attributable to inadequate clear groove spacing and clear
edge distance. The insufficiency in clear groove spacing and edge dis-
tance can lead to a reduced bonding area between the CFRP bars and the
concrete substrate, consequently promoting the debonding mechanism
and impacting the overall effectiveness of the retrofitting process.

3.4. The effect of groove dimensions

3.4.1. Overall capacity
The groove size had a significant influence on the performance of

Composites Part C: Open Access 12 (2023) 100421

retrofitted concrete depending on the type of FRP. The CFRP-retrofitted
concrete with the groove size 10 x 10 mm? yielded a significant increase
in the load-carrying capacity and ductility than that with 8 x 8 mm?
groove size, about 47 % and 27 %, respectively, which disagrees with
what was reported in the literature [17,21]. Further increase in the
groove dimensions (i.e. using 12 x 12 mm? grooves) led to capacity
drops by about 14 % and 67 % compared to using 8 x 8 and 10 x 10
mm? grooves, respectively. Nevertheless, corresponding increases in the
specimens’ ductility of about 45 % and 14 % were remarked.

Therefore, increasing the groove size (in mm?) by about 56 % (i.e.
from 8 x 8 x 200 to 10 x 10 x 200) with keeping the same FRP di-
mensions means that more adhesive was utilised. Moreover, increasing
the groove size means installing the FRP reinforcement further to the
groove border, which would delay the stresses generated in the spec-
imen from affecting the FRP-adhesive interface, which would eventually
delay the failure, and end up with a higher-capacity specimen.
Furthermore, it was reported by Hassan and Rizkalla [23] that
increasing the thickness of the adhesive (i.e. by increasing the groove)
would reduce the stress deformation within the adhesive layer, which
would eventually reduce the interfacial stresses. However, further
increasing in the groove size resulted in a reverse effect, as a sharp drop
in the capacity was reported. This might be due to that too much ad-
hesive negatively affected the interfacial adhesion, leading to a prema-
ture failure.

It was also observed that the ductility of the retrofitted concrete
increased with the groove size. This could be due to that increasing the
groove dimensions, which means increasing the distance between two
groove sides might delay the crack progression, which would take longer
to cross from one to another side causing the failure, leading to more
ductile behaviour. The results are represented graphically in Fig. 9(a).

Contrary to what was observed in the CFRP-retrofitted concretes,
moving from 8 x 8 to 10 x 10 mm? in the GFRP-retrofitted concretes
yielded a slight (about 3 %) reduction in the capacity. This might be due
to the difference in the mechanical properties (i.e. the tensile strength)
of the bars, which could affect the behaviour, as the other components (i.
e. epoxy and concrete) did not vary. However, about 43 % ductility
increase was achieved, which was due to the same reasons mentioned
earlier. The results are presented graphically in Fig. 9(b).

It was also remarked that increasing the groove dimensions from 10

Effect of number of CFRP bars on the specimens' capacities
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Fig. 7. Effect of the number of the CFRP bars on the specimens’ capacities.
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(b)

Fig. 8. Failure modes of specimens (a) C-8-D and (b) C-8-T.

x 10 to 12 x 12 mm? in the specimens retrofitted with edge-installed
GFRP bars led the load-carrying capacity to decrease by about 11 %,
however, about 25 % ductility increase was observed. This could be
ascribed to the same reasons reported in the previous group of speci-
mens. Fig. 9(c) shows the results graphically.

3.4.2. Failure modes

It can be seen that the specimen C-8, as discussed in section earlier,
mainly failed due to shear. The shear crack produced in the concrete
body passing through the epoxy layer causing a normal shear failure in
specimens A and C, but leading to debonding failure at the FRP-epoxy
interface resulting in CFRP bar slippage.

Specimen C-10 had almost the same failure modes that took place in
specimens A and B, as a main shear crack produced in the middle of the
specimens from the bottom and kept progressing to break through the
epoxy layer with a short tail along the edge of the epoxy line until,
eventually, broke through it to the other side. Similar details were
observed in specimen C, but one more shear crack generated with longer
tail, but it kept beside the epoxy line without passing through it. No
debonding was remarked in any of the specimens, which could be due
to, as reported by De Lorenzis and Nanni [24,25], that as the groove size
increased, the thickness of the epoxy cover increased, which offered a
higher resistance to splitting and eventually shifted the failure from
epoxy to the surrounding concrete.

Similarly, the retrofitted concretes, C-12 (A, B and C) failed in shear,
where a major shear crack began created and progressed through con-
crete without breaking through the adhesive layer, but it kept pro-
gressing align to it leading, eventually, to a complete debonding failure
at the concrete-adhesive interface with a partial concrete crushing.
Some additional cracks also generated in specimens A and C. Failure
modes of specimens C-10 and C-12 are shown in Fig. 10(a) and (b),
respectively.

For the GFRP-retrofitted specimens, flexural failure was the domi-
nant in specimens G-8. In specimen A, the flexural crack generated into
concrete could break through the adhesive layer, and also kept pro-
gressing align to the GFRP-epoxy interface resulting in a partial peeling-
off of the epoxy layer at the bar-epoxy interface and causing a part of

concrete to detach. Specimen B failed by approximately the same
manner, but the epoxy layer did not peel off. Similar observations were
reported in specimen C, but the major crack that caused the failure was
narrower than those appeared in the previous specimens. Specimen G-
10, as discussed earlier, failed in a combined flexural and shear failure
mode. Where specimens A and B mainly failed in flexure, while shear
failure was the dominant in specimen C, leading to a partial concrete
detachment followed by debonding at the bar-epoxy interface.

For the specimens retrofitted with edge-installed GFRP bars, speci-
mens A and B of G-10-Edge, as mentioned earlier, showed a pure flexure
failure mode, while specimen C mainly failed in shear. Specimens G-12-
Edge-A and C failed in the same manner, as a flexural crack generated in
the concrete and continuing align to the epoxy line, without causing
concrete detachment. Contrary to that, part of concrete was noticed to
peel off in specimen B, which failed due to a major shear crack produced
in the concrete body and continued to progress at the edge of the ad-
hesive layer. Failure mode of specimen G-12-Edge is shown in Fig. 10(c).

4. Conclusions

The effectiveness of the NSM-FRP retrofitting of concrete prisms has
been thoroughly examined with variation of the presence, position and
number of FRP bars, in addition to the groove size. These parameters
were studied for their effect on the specimens’ performance, including
the load-carrying capacities (i.e. ultimate load and maximum flexural
strength), ductility and modes of failure. From the obtained results, the
following conclusions could be drawn:

e Retrofitting specimens with NE only increased the capacity and
ductility by about 38 % and 2 %, respectively over the non-retrofitted
specimens. No change on the mode of failure (i.e. flexural) was
noticed.

e Using CFRP, GFRP and BFRP reinforcement bars with NE achieved
about 201 %, 203 % and 203 % increases in the load-carrying ca-
pacities, respectively with accompanying 115 %, 212 % and 242 %
ductility increases in ductility over those retrofitted with NE only.
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Effect of groove dimensions on the capacities of the CFRP-
retrofitted specimens

45
38,99
40
35
30
26.55
25 23.37
21.67
20
. 14.75 o
10
> 127161 184
0 —
Max load (kN) Max flexural strength (MPa) Max displacement (mm)
HC-8 MC-10 mC12
(@)
Effect of groove dimensions on the capacities of the GFRP-retrofitted
specimens
30
2675 Hiae
25
20
14:86 14
s 36
10
5
1.84 203
, m N
Max load (kN) Max flexural strength (MPa) Max displacement (mm)
HG-8 WG-10
(b)
Effect of groove dimensions on the capacities of the specimens
retrofitted with edge-installed GFRP bars
30
26.21
25 23.58
20
14.56
15 13.1
10
5
5 2.49
0
Max load (kN) Max flexural strength (MPa) Max displacement (mm)

G-10-Edge W G-12-Edge
(©)
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Fig. 10. Failure modes of specimens (a) C-10, (b) C-12 and (c) G-12-Edge.

Using FRP reinforcement with NE rather than NE only resulted in
more ductile failure mode, in addition to significantly improving the
resistance to the crack progression.

Installing the GFRP reinforcement at the edge of the groove rather
than in the centre had a trivial effect on the load-carrying capacity,
but decreased the ductility by about 24 %, which could be due to the
increase in the stress concentration at the interfaces.

The debonding at the bar-epoxy interface and the concrete detach-
ment could be avoided by installing the GFRP reinforcement at the
groove edge instead of at its centre, as the bar was closer to the
concrete substrate and was protected by it.

Doubling and tripling the number of the CFRP bars led, respectively
to about 21 % and 69 % increases in the load-carrying capacities,
with accompanying ductility increases of about 141 % and 67 %.
While about 40 % capacity increase was obtained when moving from
two to three bars, however, about 44 % ductility drop was observed.
Increasing the number of the CFRP bars kept the shear failure mode,
but increased the debonding at the interfaces, which could be due to
the insufficient clear groove spacing and the clear edge distance.
Using the groove size in the CFRP-retrofitted specimens of 1.67db
instead of 1.33db increased the capacities of the retrofitted concretes
by about 47 %, but using size of 2.00db resulted in a about 14 %
capacity reduction. Nevertheless, an increase in the ductility was
found to follow the increase in the groove size.

All CFRP-retrofitted specimens failed in shear. A bar-epoxy
debonding failure was noticed in one of the 8 mm-grooved speci-
mens but a debonding at the concrete-adhesive interface occurred in
all the 12 mm-grooved ones, while debonding could be completely
avoided in the 10 mm-grooved specimens.

For the specimens retrofitted with centred-installed GFRP bars,
increasing the groove size from 1.33 db to 1.67 db slightly decreased
the capacities, but about 30 % increase in the ductility was achieved.
Changing the groove size from 1.67db to 2.00db in the specimens
retrofitted with edge-installed GFRP bars led to about 11 % capacity
decrease, but about 25 % ductility enhancement was observed.
Changing the groove size in the GFRP-retrofitted specimens (i.e.
centred-installed) had an insignificant effect on the failure modes.
While specimens retrofitted with edge-installed GFRP bars (i.e. G-10-

10

Edge and G-12-Edge) exhibited combined shear and flexural failure
modes. Partial concrete detachment occurred only in the latter
specimen.
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