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https://doi.org/10.18280/rcma.360518 ABSTRACT

While individual anchoring techniques such as carbon fiber reinforced polymer (CFRP)
spike anchors and surface grooving have been proven to be effective, the synergistic
efficacy of combining these systems with different configurations remains
underexplored. This study experimentally investigates a hybrid anchorage system
integrating surface grooving with carbon fiber spike anchors (CFSA). Eight RC beams
were evaluated, including a control beam (CB), a conventional EB-CFRP beam, and
specimens strengthened with an individual anchorage system. The remaining specimens
investigated hybrid anchoring systems: one pairing full-length grooving with a single
spike anchor (SA), and three examining reduced grooving lengths (by 20% and 40%)
across varying spike anchor intensities, all incorporating a single intermediate U-wrap.
All anchoring configurations enhanced the flexural strength and stiffness of the beams;
however, these gains were accompanied by a reduction in ductility. Despite shorter
grooving lengths, specimens utilizing spike anchors combined with intermediate U-
wrapping exhibited superior flexural strength. Specifically, configurations featuring 600
mm grooving with double end-anchors and 800 mm grooving with single end-anchors
increased ultimate loads by over 89% and 96% compared to the CB, outperforming the
externally bonded reinforcement (EBR) system by approximately 54% and 59%,
respectively. The transition from premature CFRP debonding to material rupture
demonstrates the efficacy of the proposed anchoring techniques.
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1. INTRODUCTION mounted (NSM) are among the most recognized solutions [2,

5, 8, 11-16]. It has been reported that such confinement

Reinforced concrete (RC) structures frequently require
rehabilitation, retrofitting, or strengthening due to material
aging, functional obsolescence, or changes in design
requirements. Due to the high strength-to-weight ratio and
durability characteristics of carbon fiber reinforced polymer
(CFRP), such materials are currently preferred for such
applications [1]. CFRP has recently emerged as a primary
solution in structural strengthening applications compared to
the traditional counterpart materials [2-6]. However, the
problem of CFRP delamination from the substrate surface in
regions of high shear and flexural stresses is the main
limitation of utilizing the full capacity of CFRP strengthening
[7-9]. Without proper incorporation of some confinement or
anchorage systems, CFRP materials can only utilize 10-25%
[7], or at best estimate only 50% of its strength [10].

In an effort to utilize the full tensile capacity of CFRP
material by increasing the bonding strength, several
confinement and anchoring techniques have been proposed
and individually verified during the last few decades. As
shown in Figure 1, carbon fiber jacketing (also known as U-
Wrapping) and fiber-reinforced polymer (FRP) near-surface
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systems can significantly improve the strength, ductility,
stiffness, and overall performance of strengthened elements [6,
9, 11, 17]. However, each technique has its own drawbacks
and limitations. For example, by implementing U-wrapping
alone, debonding at the concrete-FRP interface near the
termination point of the “U-anchors” is frequently reported as
the dominant failure mode, unless mechanically anchored [18,
19]. NSM, on the other hand, requires deep grooves (typically
in Figure 1, hy = 15-30 mm deep [14]) to completely submerge
a rigid FRP bar or strip. If the existing concrete cover is thin,
this technique is practically disqualified because structural
stirrups or tension steel might be cut due to the grooving
process.

During the past few years, some researchers proposed
geometric modification of the substrate surface by introducing
shallow surface grooves to increase the bond area between
CFRP and the substrate concrete, as shown in Figure 2 [20-
24]. Introducing externally bonded fiber-reinforced polymer
(EB-FRP) on/in grooves (externally bonded reinforcement on
grooves (EBROG)/externally bonded reinforcement in
grooves (EBRIG)) has resulted in a significant improvement
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in the flexural performance of strengthened RC elements due
to the enhancement in the bond strength between the
strengthening and substrate materials [21, 25, 26]. While
grooving configurations are typically shallow, the technique
becomes less viable for extensive surface applications or
degraded RC elements. In such cases, the high labor intensity
and prolonged installation time considerably reduce the
efficacy of grooving techniques relative to alternative
retrofitting strategies. In addition, it has been reported that
such surface modifications do not completely prevent
debonding, but can only postpone such failure due to better
utilization of FRP tensile strength [26-28].
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Figure 1. CFRP anchoring techniques
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Figure 2. EBROG (Left) and EBRIG (Right) [21]

Note: Externally bonded reinforcement on grooves (EBROG), externally
bonded reinforcement in grooves (EBRIG).

It has recently been reported in some relevant publications
that carbon fiber spike anchors (CFSA) can be a vital solution
to the CFRP delamination problem by providing continuity to
the load path and therefore directly transferring stresses to the
substrate material [29-33]. The interfacial compatibility
between the anchoring and strengthening materials—both
being carbon fiber—optimizes the performance of the
anchorage through material homogeneity. Furthermore, the
implementation of CFSA is non-invasive, preserving the
original dimensions, weight, and structural integrity of the
strengthened structural elements. Beyond these structural
benefits, the installation of CFSA is significantly more
efficient than traditional alternatives, offering a rapid and less
labor-intensive application.

While significant progress has been made towards
understanding FRP-to-concrete bonding, the most recent
version of the ACI PRC-440.2-23 design code [34] highlights
a persistent need for “additional evidence to validate
performance” in several key areas. A  primary
recommendation from the code involves the exploration of
various anchoring configurations as a means to enhance

structural integrity. This study responds to that mandate by
addressing the ongoing challenges of debonding through the
evaluation of hybrid anchorage strategies, an area that the ACI
PRC-440.2-23 [34] code explicitly identified as requiring
more robust experimental data. Moving beyond the study of
individual anchorage methods that have been extensively
investigated, this work investigates the combined application
of spike anchors and surface grooving. This approach seeks to
determine how and to what extent such a hybrid configuration
enhances the structural performance indices such as flexural
strength, ductility, stiffness, and energy absorption
(toughness) of EB-CFRP-strengthened beams compared to
traditional single-method benchmarks.

2. EXPERIMENTAL PROGRAM

In order to achieve the objectives of the research, a total of
eight beam specimens of different grooving and strengthening
configurations were fabricated and tested. This section
provides information about the used material properties,
specimen design, installation of CFRP sheets and anchors, and
testing procedures.

2.1 Material used

The cement and aggregates used to produce the concrete had
been individually tested and verified according to the relevant
international specifications prior to use. Then, a concrete mix
of 30 MPa targeted compressive strength was designed and
implemented for the entire experimental work; Table 1 shows
the concrete mix proportions. To determine the actual
compressive strength of the design mix, six standard cubes of
150 x 150 x 150 mm were cast and tested under compression
as per BS EN 12390-3 [35]. Three cubes were tested at 7 days,
and the other three were tested at 28 days. Results of
compressive strengths at 7 and 28 days are provided in Table
2. On the other hand, steel bars of @8 mm diameter were also
tested and verified as per BS 4449-05 [36], as shown in Table
3.

Table 1. Concrete mix (kg/m?)

Cement Fine Aggregate Coarse Aggregate Water Plasticizer
410 738 1025 170 2.0

Table 2. The actual compressive strength of the concrete mix

used
Sample 7 Days 28 Days
1 19.00 32.04
2 19.43 31.34
3 19.89 29.62

Mean (MPa)  19.44 31.0

Table 3. Properties of steel bars used

. Ultimate
Diameter (mm) Ylellf (Sﬁsg)gth’ Strength, Rm Elongation (%)
¢ (MPa)
8 582 658 14.5
BS 444905 485  Re<650 R /Re> 1.06 >4%
Limits

The strengthening of RC beam specimens was carried out
using a unidirectional carbon fiber fabric (SikaWrap-230C) in
combination with a high-modulus epoxy adhesive (Sikadur-



330). The technical properties of both materials are
summarized in Table 4.

For the specimens strengthened with spike anchors, the
anchors were fabricated wusing SikaWrap-Fx50C in
conjunction with Sikadur-52LP. The technical properties of
both materials are presented in Table 5. According to ACI
PRC-440.2-23 [34], the tensile strength of the anchoring

material must be equal to or greater than that of the externally
bonded FRP laminate. This requirement ensures that the
anchor does not act as a weak link in the system and can
reliably transfer stresses into the concrete substrate. Therefore,
SikaWrap-Fx50C would be suitable for this purpose as per the
manufacturer's recommendations. The materials listed in both
Table 4 and Table 5 are shown in Figure 3.

Table 4. Technical properties of SikaWrap-230C and Sikadur-330

Material Commercial Name Technical Property Units Value
Thickness mm 0.13
Weight g/m? 230+ 10
Carbon Fiber Fabric SikaWrap-230C Tensile Modulus GPa 238
Elongation at Break % 1.8
Tensile Strength MPa 4300
Tensile Strength MPa 33.8
. . . Elastic Modulus MPa 3489
Paste-Like Epoxy Resin@?7 days Sikadur-330 Flexural Strength MPa 60.6
Elongation at Break % 1.2
Table 5. Technical properties of SikaWrap-Fx50C and Sikadur-52LP
Material Commercial Name Technical Property Units Value
Dry Cross-Sectional Area mm?  28.26
Impregnated Cross-Sectional Area mm?  78.00
Cye . . Dry Tensile Strength MPa 4000
Unidirectional Cord SikaWrap-Fx50C Impregnated Tensile Strength MPa 2000
Dry Modulus of Elasticity GPa 240
Impregnated Modulus of Elasticity =~ GPa 230
Compressive Strength MPa  >70.0
Tensile Strength MPa  >27.0
Low-Viscosity Resin@?7 days, 30 °C Sikadur-52LP Tensile Adhesion Strength
N at 2 Days MPa  >7.0
- at 14 Days MPa  210.0

(a) SikaWrap-230C

iy

D

e

(d) Sikadur-52L

(©) SikaWarp-foOC

Figure 3. Strengthening and anchoring materials

2.2 Grooving, strengthening and anchoring process

The strengthening process has begun immediately after the
end of the concrete curing period of the beam samples. All
surfaces that will be utilized for the attachment of
strengthening materials have been roughened by using a steel
grinder, where a very thin loose layer has been removed. Then,
grooving of the samples with grooves has been performed by
an electrical handheld concrete saw using a diamond blade
with the help of a special moveable steel frame designed
specifically for this purpose as shown on Figure 4. The
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grooving process, as well, has begun at the end of 28 days
concrete curing period to avoid any disturbance to beam cover
during the critical period of gaining the concrete strength. In
each beam with grooving, three longitudinal square grooves of
dimensions and spacing between grooves of 6 = 1 mm and 31
+ 1 mm, respectively, have been introduced in all those
specimens.

Drilling the spike anchor holes, on the other hand, began by
drilling 90 mm deep holes at the designated locations using a
12 mm diameter steel drill bit. After drilling was completed,
the hole surface was roughened and cleaned to ensure no loose



particles existed around the edge of the hole. All beams,
including those with holes and grooves, were then cleaned
thoroughly using a special brush, air pump, and water jetting
to maximize the bond quality.

Figure 4. Grooving tool used in the experimental work

The CFRP strengthening procedure began with the uniform
application of Sikadur 330 adhesive across the beam soffit.

Subsequently, a 100 mm-wide strip of SikaWrap-230C was
bonded along the 1000 mm span of the beam. To eliminate
entrapped air beneath the carbon fiber layer, a special roller
was passed over the bonded sheet, in accordance with
manufacturer guidelines and recommendations from previous
studies.

For the installation of spike anchors, bundles of SikaWrap-
Fx50C with a length of 140 mm were cut, and 80 mm of this
length was impregnated with the premixed Sikadur-52LP.
This low-viscosity epoxy resin is recommended by the
manufacturer of SikaWrap-Fx50C for best impregnation
results. The impregnated part was tied at the end with a single
plastic tie and left for a few minutes to facilitate the insertion
process. The predrilled holes were filled with Sikadur 330
prior to the insertion of spike anchors inside the holes. The
remaining 50 mm dry part of the anchor was then splayed over
the pre-bonded SikaWrap-230C layer and finished by using
the same roller used before to remove any entrapped air
beneath the splayed part. The main strengthening steps are
shown in Figure 5.

Figure 5. Strengthening process: (a) grooved beams; (b) drilling anchor holes; (c) anchors impregnated with Sikadur-52LP
epoxy; (d) tying the impregnated anchors; (e) filling an anchor hole with Sikadur-330 epoxy; (f) inserting a spike anchor inside a
prefilled hole; and (g) splaying out the dry end of the spike anchor

2.3 Design of the specimens

The control, as well as the strengthened beam specimens of
this experiment, have been designed to fail in flexure
considering the potential increase in the flexural capacity due
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to the strengthening system. The beams were tested up to
failure under a four-point loading scheme. Each beam was
fabricated with dimensions of by, = 120 mm, h = 170 mm, total
length L = 1200 mm, and a clear span S = 1000 mm.
Longitudinal reinforcement at the bottom and top fibers of the



section consisted of 2¢8 mm rebar each. A dense stirrup
spacing of p8@60 mm distributed along the entire span of the
beams was implemented in the experiment, as stated above, to
guarantee that flexural failure is the dominant mode of failure

340

for all beam specimens, even for the strengthened beams.
Figure 6 shows the geometry and reinforcement details of the
tested beams.
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Figure 6. Geometry, reinforcement details, and testing setup of the tested beams
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Figure 7. Strengthening and anchoring configurations of the tested beams

The control beam (CB) was left without any strengthening
or anchoring systems to serve as a reference beam. On the
other hand, the specimen with externally bonded
reinforcement (EBR) has been conventionally strengthened
with a 1000 mm long single bottom EB-FRP layer to
determine the possible gain in the flexural capacity due to the
conventional strengthening process. As summarized in Table
6, the objectives of testing the other six beam specimens are as
follows:

*Respectively, specimens with full-length grooving (FG)
and single spike anchor (SA) were tested to investigate the
advantages of incorporating a single anchoring system such as
longitudinal grooving or spike anchors.

*Specimen FGSA was tested to determine the potential

improvement in the behavior (and therefore flexural
strength), compared to FG and SA, when a hybrid anchoring
system consisting of longitudinal grooving and spike anchors
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together is incorporated in the same beam specimen.

*The last three specimens examined the influence of
reducing the grooving length while varying the anchorage
configuration, with all specimens incorporating a single
intermediate U-wrap. Specifically, G6SAU employed a
600 mm grooving length combined with a SA; G6DAU
utilized the same 600 mm grooving length but doubled the
number of spike anchors. The third specimen, G8SAU,
adopted an 800 mm grooving length with a SA. This
comparative setup enables assessment of how both the
grooving length and the number of spike anchors interact with
intermediate U wrapping to affect the overall strengthening
performance. Figure 7 shows the strengthening and anchoring
configuration details of all tested beams.

It is noteworthy that the incorporation of intermediate U
wraps at the midspan of the last three specimens was
introduced only after testing the initial five beams, in which



the control failure mode was governed by the formation of
extensive intermediate cracks. To mitigate the risk of CFRP
debonding associated with intermediate flexural cracking and
to redirect the higher stress concentrations toward the
specimen ends, the intermediate U wrap was implemented as
an additional anchorage measure.

2.4 Testing setup
As shown in Figure 6, all beam specimens were supported

by two roller supports with a 1000 mm clear span and tested
under a four-point loading scheme using a 200 kN testing

machine. A very stiff steel spreader beam was utilized to
divide the applied load into two equal point loads 340 mm
apart (shear span = 330 mm). An electronic dial gauge of 0.01
mm accuracy was used to measure the corresponding midspan
deflection as the load was applied. The load was applied
gradually at a constant rate of 0.5 kN/s until the failure state
was reached. The data required for load-deflection
relationships and the associated structural performance indices
such as ductility, stiffness, and toughness have been collected
with the assistance of high-resolution cameras with slow-
motion capability.

Table 6. Strengthening and anchoring configurations of beam specimens

Beam Length of No. of
Beam Description D Grooving “SA” at Key Points Investigated
(mm) each end
Control (non-strengthened) CB - - Reference beam
Control with only EB-FRP EBR - - Conventional EBR strengthening
EBR with only full-length grooving FG 1000 - Effect of full grooving
EBR with only sipglg spike'anchor at CFRP SA ) 1 Effect of spike anchor
termination points
EBR with full-length grooving and a single Effect of combining full grooving and single
. o . FGSA 1000 1 .
spike anchor at CFRP termination points spike anchor
EBR with 600 mm grooving, a single spike Effect of reducing length of grooves to 600
anchor at CFRP termination points and a single =~ G6SAU 600 1 mm with single spike anchor, and an
100 mm wide midspan U-Wrap intermediate U-wrap
EBR with 600 mm grooving, a double spike Effect of reducing length of grooves to 600
anchor at CFRP termination points and a single =~ G6DAU 600 2 mm, double the number of spike anchors,
100 mm wide midspan U-Wrap and an intermediate U-wrap
EBR with 800 mm grooving, a single spike Effect of reducing length of grooves to 800
anchor at CFRP termination points and a single =~ G8SAU 800 1 mm with single spike anchor, and an

100 mm wide midspan U-Wrap

intermediate U-wrap

Note: Externally bonded fiber-reinforced polymer (EB-FRP), carbon fiber reinforced polymer (CFRP), control beam (CB), externally bonded reinforcement
(EBR), full-length grooving (FG), single spike anchor (SA), full grooving and single spike anchor (FGSA), 600-mm grooving, single spike anchor and U-wrap
(G6SAU), 600-mm grooving, double spike anchors and U-wrap (G6DAU), 800-mm grooving, single spike anchor and U-wrap (G8SAU).

Table 7. Critical loads and midspan deflections

Beam Cracking Stage Yielding Stage Ultimate Stage
Load (kN) Deflection (mm) Load (kN) Deflection (mm) Load (kN) Deflection (mm)

CB 21 3.1 51 8.2 56 16.3
EBR 30.5 3.5 64 9.0 69 10.9
FG 34 33 90 10.8 102.5 15.4
SA 32 2.8 90.5 10.1 102 13.6
FGSA 32 3.3 99 12.9 108.5 16.1
G6SAU 34 3.1 87 9.5 96 11.5
G6DAU 42 3.9 94 10.3 106 14.1
G8SAU 42 3.3 96 9.3 110 12.7

Note: Control beam (CB), externally bonded reinforcement (EBR), full grooving (FG), spike anchor (SA), full grooving and single spike anchor (FGSA), 600-
mm grooving, single spike anchor and U-wrap (G6SAU), 600-mm grooving, double spike anchors and U-wrap (G6DAU), 800-mm grooving, single spike anchor
and U-wrap (G8SAU).

Table 8. Increase/decrease of critical loads and midspan deflections compared to CB

Beam Cracking Stage Yielding Stage Ultimate Stage
Load (%) Deflection (%) Load (%) Deflection (%) Load (%) Deflection (%)
CB 0.00 0.00 0.00 0.00 0.00 0.00
EBR 4524 11.61 25.49 10.43 23.21 -33.17
FG 61.90 6.45 76.47 32.52 83.04 -5.51
SA 52.38 -11.29 77.45 23.93 82.14 -16.65
FGSA 52.38 5.16 94.12 58.28 93.75 -1.29
G6SAU 61.90 0.65 70.59 16.56 71.43 -29.38
G6DAU 100 26.77 84.31 26.38 89.29 -13.71
G8SAU 100 5.16 88.24 14.11 96.43 -22.34

Note: Control beam (CB), externally bonded reinforcement (EBR), full grooving (FG), spike anchor (SA), full grooving and single spike anchor (FGSA), 600-
mm grooving, single spike anchor and U-wrap (G6SAU), 600-mm grooving, double spike anchors and U-wrap (G6DAU), 800-mm grooving, single spike anchor
and U-wrap (G8SAU).
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Table 9. Increase/decrease of critical loads and midspan deflections compared to EBR

Beam Cracking Stage Yielding Stage Ultimate Stage
Load (%) Deflection (%) Load (%) Deflection (%) Load (%) Deflection (%)

CB -31.15 -10.40 -20.31 -9.44 -18.84 49.63
EBR 0.00 0.00 0.00 0.00 0.00 0.00
FG 11.48 -4.62 40.63 20.00 48.55 41.39
SA 4.92 -20.52 41.41 12.22 47.83 24.73
FGSA 4.92 -5.78 54.69 43.33 57.25 47.71
G6SAU 11.48 -9.83 35.94 5.56 39.13 5.68
G6DAU 37.70 13.58 46.88 14.44 53.62 29.12
G8SAU 37.70 -5.78 50.00 3.33 59.42 16.21

Note: Control beam (CB), externally bonded reinforcement (EBR), full grooving (FG), spike anchor (SA), full grooving and single spike anchor (FGSA), 600-
mm grooving, single spike anchor and U-wrap (G6SAU), 600-mm grooving, double spike anchors and U-wrap (G6DAU), 800-mm grooving, single spike anchor
and U-wrap (G8SAU).

3. RESULTS AND DISCUSSION
3.1 Critical loads and corresponding deflections

The cracking, flexural steel yielding, and ultimate moments
during the test, and the corresponding deflections have been
carefully recorded. Table 7 shows the recorded loads and
deflections of all tested specimens. Depending on the data
recorded, the percentage increase/decrease in the recorded
critical loads and midspan deflections has been determined as
compared to the CB and to the EBR beam as listed in Tables
8 and 9, respectively. In both tables, the positive sign indicates
an increase, and the negative sign indicates a decrease in the
calculated index.

Examining Tables 8 and 9, it can be concluded that either of
the strengthening systems employed has resulted in a marginal
positive effect regarding the load-carrying capacity at all
critical loading stages.

Traditional CFRP strengthening, as in specimen EBR, has
resulted in a noticeable increase in the cracking, yielding, and
ultimate loads by more than 45, 25, and 23%, respectively,
compared to the CB specimen. However, such an increment in
the ultimate load-carrying capacity was at the expense of
midspan deflection, where the corresponding ultimate
deflection has been decreased by 33%, which will ultimately
result in a reduced ductility of EBR compared to CB, as will
be discussed later.

Specimens FG and SA, where either full grooving or spike
anchors, respectively, were incorporated, led to an increase in
the critical loads recorded at all loading stages as compared to
CB and EBR specimens. For specimen FG, the critical loads,
in sequence, have been increased by 62, 76, and 83%
compared to CB, and by 11, 41, and 49% compared to the EBR
beam. Similarly, specimen SA showed an increase in the load-
carrying capacity during the critical loading stages by 52, 77,
and 82% compared to CB, and by 5, 41, and 48% compared to
the EBR specimen. Both beams, especially the one with FG,
have provided a comparable ultimate deflection compared to
the CB, where the ultimate deflections have been reduced by
about 5.5 and 16.5% for specimens FG and SA, respectively.
This probably will result in an enhancement in the beam's
ductility compared to the EBR beam, where only externally
bonded CFRP has been incorporated.

With respect to the FGSA specimen, which, in addition to
the EBR strengthening, has been additionally anchored by
means of full-length grooving and an SA at each CFRP layer
termination point, it has shown superior behavior and therefore
loading capacity compared to either of the specimens
discussed above. For example, the ultimate load of this beam
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has been increased by more than 94 and 57% compared to CB
and EBR, respectively. In addition, the difference in the
ultimate deflection of this beam specimen was only 1.29%
smaller than CB and about 48% larger than the ultimate
deflection in comparison with the EBR specimen.

The last three beams that were tested to evaluate the
interaction of grooving length and spike anchor quantity with
the presence of intermediate U-wrapping also exhibited
superior performance compared to the CB and EBR
specimens, as shown in Tables 8 and 9. Specifically, the
specimen featuring double spike anchors with 600 mm
grooving (G6DAU) and the specimen with a SA and 800 mm
grooving (G8SAU) achieved yielding and ultimate loads
comparable to those of the FGSA. In addition, these specimens
nearly doubled the capacity of the CB. This demonstrates that
intermediate U-wrapping can successfully compensate for a
40% and 20% reduction in grooving length when utilizing
double and single anchors, respectively. The G6SAU
specimen likewise demonstrated considerable load-carrying
capacity at all three loading stages. Nonetheless, its overall
results were marginally lower than the other two specimens in
this category. This difference was particularly pronounced in
the cracking load, which increased by only 62% compared to
the 100% improvement achieved by both G6DAU and
G8SAU.

3.2 Modes of failure

Failure of RC beams is not a sudden event at a single load
point; it is a gradual process that begins with cracking and
evolves through several stages until ultimate collapse.
Therefore, failure mode can be considered a critical flexural
performance aspect, particularly when CFRP strengthening is
employed. CFRP debonding is considered a highly
unfavorable failure mechanism because it occurs abruptly and
without warning once the ultimate strain capacity of either the
CFRP-epoxy or epoxy-concrete interface is reached [4, 6, 37].
The modes of failure of all tested beams, as shown in Figure
8, have been carefully monitored and discussed.

The CB exhibited flexural failure as flexural cracks initiated
once the cracking load reached 21 kN. As the applied load
increased, these cracks propagated extensively and penetrated
deeper into the section. Ultimately, the beam failed when the
applied load and corresponding deflection reached 56 kN and
16.34 mm, respectively.

Similarly, the failure process of the EBR specimen also
started once the cracking load reached 30.5 kN (about 45% of
CB). When the applied load slightly increased, some shear
cracks were also initiated. Flexural and shear cracks penetrated



deeper into the section, but at a lower rate compared to CB, as
the applied load increased up to the sudden failure by end-
CFRP debonding, as shown in Figure 8, which is encountered
at the ultimate load and corresponding deflection of 69 kN and
10.92 mm, respectively.

The other six beams tested displayed the same failure
process as EBR, where flexural and some shear cracks
initiated once the applied load reached a specific value ranging

from 32 to 42 kN. These cracks have been widening and
penetrating deeper into the section, and some other new cracks
have been initiated as the applied load increased. Ultimately,
either of the beam specimens in this category has failed
abruptly once the ultimate load has reached a specific value
depending on the strengthening and anchoring configuration
employed, as shown in Table 7.

Figure 8. Mode of failure of the tested beams

Except for the FG specimen, which failed due to concrete
cover separation, the five specimens reinforced with additional
spike anchors exhibited a shift in failure mode from CFRP
debonding to CFRP rupture followed by flexural failure. As
illustrated in Figure 8, this transition to a more desirable failure
mechanism, along with an increased load-carrying capacity,
confirms the effectiveness of the spike anchoring technique.
From the current results, it can be concluded that the anchored
specimens sustained the CFRP contribution to exhibit delayed
debonding and higher load levels in comparison with the
control specimen. This behavior, combined with the enhanced
load-deflection relationship, provides additional evidence of
more effective stress transfer provided by the spike anchors.

3.3 Load-deflection responses

The individual deflection response of the tested beams as
the applied load is increased has been recorded using a high-
accuracy midspan dial gauge. Then, the load-deflection
relationship has been constructed, discussed, and compared
against each other in some main categories.

The first category, as shown in Figure 9, contains the CB,
the beam with EBR, and the beams with single anchor
techniques FG and SA. As shown in Figure 9, the CB
specimen showed the expected elastic and inelastic behavior
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through the loading stages. Once the ultimate load of 56 kN
was reached, the recorded load started to drop gradually, and
the deflection continued to increase until failure of the
specimen with an ultimate deflection of 16.43 mm as stated
previously. In contrast, all other three beams in this category
have shown only the elastic part, and all have failed abruptly,
but with higher loads and lower deflections as compared to
CB. Examining Figure 9, it is clear that incorporating either
surface grooving or spike anchors has resulted in an important
enhancement in the flexural capacity of the anchored beams
compared to the beam without any sort of anchoring (i.e.,
EBR).

In the second category, the load-deflection response of the
specimen incorporating a hybrid anchoring technique of full
grooving and a SA at each of the CFRP layer termination
points combined (FGSA) will be compared against the
specimens that incorporated a single anchoring technique of
either FG or a SA. The purpose of this category is to determine
whether combining the two proposed anchoring techniques
will result in any advancement in the flexural performance of
the strengthened beams. The load-deflection curves of this
category are shown in Figure 10. It is evident that specimen
FGSA has resulted in a slightly better performance compared
to either FG or SA that contains a single anchoring technique
since it provided a larger ultimate load and deflection.



Examining Figures 9 and 10 as well, one can clearly see that
the performance of the FG specimen was better than that of
specimen SA in terms of the ultimate deflection, as it sustained
roughly the same ultimate load of 102 kN but with about 2 mm
larger deflection. This will probably affect the ductility of the
specimen with grooving as compared to the one with a spike
anchor, as will be discussed later.
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Figure 9. Load-deflection responses of CB, EBR, FG and SA

specimens
Note: Control beam (CB), externally bonded reinforcement (EBR), full
grooving (FG), spike anchor (SA).
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Figure 10. Load-deflection responses of FG, SA, and FGSA

specimens
Note: Full grooving (FG), spike anchor (SA), full grooving and single spike
anchor (FGSA).

In the last category, several comparisons will be made. The
first one will be made between G6SAU and G6DAU to isolate
and examine the effect of the number of spike anchors
employed. The load-deflection responses of both specimens,
in addition to the EBR specimen, are shown in Figure 11. As
can be concluded from this figure, both specimens greatly
outperformed the EBR specimen in terms of ultimate load
capacity and the corresponding deflections. In addition, these
P-A graphs show that G6DAU has sustained a larger ultimate
load and deflection compared to specimen G6SAU. This
figure emphasizes the effect of the number of spike anchors in
strengthening applications.

Similarly, another comparison will be made between
specimens G6SAU and G8SAU to determine the effect of the
length of grooving in such applications. P-4 graphs of both
specimens, in addition to EBR, are shown in Figure 12. This
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figure, as well, emphasizes the role of grooving length in
sustaining more load where specimen G8SAU has sustained
about 14 kN larger force compared to G6SAU. As will be
discussed later, the stiffness of the specimen with 800 mm
grooving will probably be larger than the specimen with 600
mm grooving.
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Figure 11. Load-deflection responses of G6SAU, G6DAU

and EBR specimens
Note: 600-mm grooving, single spike anchor and U-wrap (G6SAU), 600-
mm grooving, double spike anchors and U-wrap (G6DAU), externally
bonded reinforcement (EBR).
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Figure 12. Load-deflection responses of G6SAU, G8SAU
and EBR specimens
Note: Externally bonded reinforcement (EBR), 600-mm grooving, single

spike anchor and U-wrap (G6SAU), 800-mm grooving, single spike anchor
and U-wrap (G8SAU).

Another comparison can be performed between G6DAU
and G8SAU to determine which anchoring configuration can
provide better flexural performance. The load-deflection
responses of both specimens can be seen in Figure 13. It can
be seen that both specimens have provided approximately the
same ultimate loads. However, specimen G8SAU will indeed
result in a larger stiffness, as the ultimate deflection is lower
than that of GG6DAU.

Finally, all the specimens in this category, namely G6SAU,
G6DAU and G8SAU, can be compared against the FGSA
specimen to determine the effectiveness of the incorporated
intermediate u-wrapping and whether such wrapping can
effectively compensate for the reduced length of grooving.
The results of this comparison can be found in Figure 14. The
results clearly suggest that full grooving with SA as in



specimen FGSA has provided a comparable performance
compared to the specimens incorporated intermediate u-
wrapping in terms of the ultimate load sustained, but with
possible lower stiffness, as will be discussed in the next
section.
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Figure 13. Load-deflection responses of G6DAU and
G8SAU specimens
Note: 600-mm grooving, double spike anchors and U-wrap (G6DAU), 800-
mm grooving, single spike anchor and U-wrap (G8SAU).
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Figure 14. Load-deflection responses of G6SAU, G6DAU,

G8SAU and FGSA specimens

Note: Full grooving and single spike anchor (FGSA), 600-mm grooving,
single spike anchor and U-wrap (G6SAU), 600-mm grooving, double spike
anchors and U-wrap (G6DAU), 800-mm grooving, single spike anchor and

U-wrap (G8SAU).

3.4 Ductility and stiffness

It is noteworthy that the strengthening effectiveness of RC
elements is often achieved at the expense of ductility, which
defines the capacity of the element to deflect inelastically up
to failure without a significant loss of strength [38, 39].
Conversely, the stiffness of the RC elements can be greatly
boosted by CFRP strengthening of such elements [40]. Such
indices, in fact, can be considered among the most critical
performance indicators that must be assessed for a safe
strengthening process. Since these two indices are inversely
related, they will be calculated for all beams tested and
compared against each other in this research.

The stiffness (k) has been calculated by considering the
elastic part of the load-deflection curve. Eq. (1), which is
equivalent to the slope of the elastic part of the load-deflection
curve, can be used to calculate the bending stiffness of the
tested beam:
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On the other hand, since the behavior of strengthened beams
is not perfectly elasto-plastic, as such beams employ concrete,
steel and carbon fiber at the tension side of the cross-section,
ductility (1) has been calculated based on the total and elastic
absorbed energy [38]. This definition was first suggested by
Namaan and Jeong [41]. This index can be calculated based on
Eq. (2). For perfectly elasto-plastic behavior, this definition
will result in exactly the same value as the conventional
ductility definition proposed by Park [42] that uses the
ultimate and yield deflections.

— 1( ETotal
2 EElastic

ta +1) )

where:

Ero 1s the area under the load-deflection curve up to the
ultimate load, and

Egisic 18 the area under the elastic part (i.e., up to the yield
load) of the load-deflection curve.

Table 10. Stiffness and ductility indices of the tested beams

Beam Erota (kNmm) (kiEl:::‘:n) k (kN/mm) Ha (')
CB 648 220 5.94 1.97
EBR 452 312 6.05 1.22
FG 1048 549 7.47 1.45
SA 867 520.5 7.96 1.33
FGSA 1169 731 6.95 1.30
G6SAU 765 457.5 8.31 1.34
G6DAU 988 540.8 8.16 1.41
G8SAU 867 513.75 8.94 1.34

Note: Control beam (CB), externally bonded reinforcement (EBR), full
grooving (FG), spike anchor (SA), full grooving and single spike anchor
(FGSA), 600-mm grooving, single spike anchor and U-wrap (G6SAU), 600-
mm grooving, double spike anchors and U-wrap (G6DAU), 800-mm
grooving, single spike anchor and U-wrap (G8SAU).
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Figure 15. Percentage increase or decrease of the stiffness
and ductility indices of tested beams as compared to the
control beam (CB) specimen

The inputs used to calculate the stiffness and ductility
indices are listed in Table 7, whereas Table 10 presents the
final results of both indices. It should be noted here that Etol
listed in the second column of Table 10 represents the



toughness index (in units of kN-mm) used frequently as a
performance index in some publications [43]. Figures 15 and
16, on the other hand, illustrate the percentage of increase or
decrease in such indices compared to CB and EBR,
respectively. Examining Table 8 and Figure 15, it can be
concluded that, in general, the gain in the flexural capacity of
the strengthened and anchored specimens, and therefore the
stiffness, has been at the expense of ductility. Conversely, by
comparing the ductility and the stiffness of all tested beams to
the EBR specimen, it can be concluded that the anchoring
techniques incorporated have restored part of the lost ductility
due to the strengthening.
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Figure 16. Percentage increase or decrease of the stiffness
and ductility indices of tested beams as compared to the
externally bonded reinforcement (EBR) specimen

4. CONCLUSIONS

Based on the data provided in this research and the
extensive discussion presented, the following conclusions can
be reached:

*EBR using CFRP displayed a significant increase in the
load-carrying capacity of the strengthened beams compared to
the non-strengthened control specimen. This advancement of
the flexural strength, however, was at the expense of ductility,
where the ductility of the EBR specimen dropped by more than
39% compared to the CB specimen.

Individually applying either proposed anchoring technique
significantly improved the load-carrying capacity compared to
the baseline EBR specimen. Specifically, the stiffness of the
FG and SA specimens increased by more than 23% and 32%,
respectively, while their ductility increased by 18% and 12%.
In addition, these anchoring techniques shifted the failure
mode from CFRP debonding (as seen in the EBR specimen) to
a more favorable CFRP rupture, as in the SA specimen, or
concrete cover separation, as in the FG specimen, indicating
enhanced bond performance at the CFRP-concrete interface.

*Although both FG and SA specimens have provided
comparable results regarding the critical loads and the
corresponding deflections, it seems that the FG beam has
larger ductility and lower stiffness compared to the SA
specimen, and vice versa. This can be due to the nature of the
surface with grooves, where it can sustain a larger amount of
epoxy resin compared to the smooth surface, and therefore
better bond capability.
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*Combining both the anchoring techniques in a single
specimen, as in the FGSA specimen, has not provided
significant advancement compared to the specimens with a
single anchoring technique under the tested conditions in the
current study.

*Despite utilizing shorter groove lengths, the last three
specimens (G6SAU, G6DAU, and G8SAU) exhibited superior
flexural strength and overall performance. Specifically,
G6DAU and G8SAU sustained ultimate loads that were over
89% and 96% higher than the CB, representing increases of
approximately 54% and 59% compared to the EBR specimen.
The stiffness and ductility of these two beams are the best
compared to the CB and EBR specimens. Such a superior
performance can be attributed to the presence of the
intermediate u-wrap, which provided better resistance to the
intermediate flexural cracks and, therefore, pushed the stresses
away from the midspan toward the ends of the tested beams.

It should be noted that, although only one specimen was
tested for each configuration, the results provide useful
comparative trends. Specimen variability may affect the
measured values, and future replicate testing is recommended.
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