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Abstract

This research examines the dual role of Carbon Fiber Reinforced Polymer (CFRP) U-shaped wrapping and spike anchors
(SA), installed laterally or vertically, in enhancing stress transfer at the concrete-laminate interface and mitigating
premature debonding. In addition to the RC control beam, eight beams organized into three groups were investigated.
Group 1 evaluated the strength gain provided by Externally Bonded Reinforcement (EBR) alone or EBR supplemented with
a single anchorage system, either a U-wrap or spike anchor, to secure the CFRP laminate. Group 2 investigated EBR with
a single end U-wrap paired with either double lateral or single vertical bottom SAs. Group 3 employed double end U-wraps
alone or in combination with single or double lateral SAs per sheet. The results revealed that incorporating spike anchors
alone was more effective than U-wrapping. Flexural capacity increased by over 81% compared to the control beam and
by 50% relative to the beam strengthened solely with EBR. On the other hand, hybrid configurations of spike anchors and
U-wraps showed limited additional benefit, except for the case of double U-wraps combined with double lateral SAs,
which achieved flexural strength gains of over 96% and 62% compared to the control and EBR-only beams, respectively.
Anchoring also resulted in an enhanced flexural behaviour where most of the anchored specimens failed by CFRP rupture
rather than CFRP debonding, indicating a better utilization of CFRP material.
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1. Introduction

It has been reported in the literature that one of the main limitations of implementing the externally bonded carbon
fibre in rehabilitation, retrofitting or strengthening RC elements is the premature debonding of carbon fibre from the surface
of substrate material such as concrete before utilizing the full capacity of CF material (Alkhateeb & Hejazi, 2022; Al-Mamory
& Al-Ahmed, 2022; Bai et al., 2025; Fu et al., 2017; Wang et al., 2024). To overcome this structural problem, however, and to
enhance the efficiency of such materials for the purpose it used for, some potential solutions have been recommended
based on experimental (Abdallah et al., 2023; Abed et al., 2022; Gu et al., 2022) or analytical (Abed et al., 2021; Cui et al.,
2024; Wang et al., 2024) studies.
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Among the mostly robust solutions to overcome the CFRP premature debondingis the use of mechanical anchorage
systems such as metal bolts, Ultra High Performance Concrete (UHPC) jacketing, or carbon fibre U-wrapping (Abdallah et
al., 2023; Akbarzadeh Bengar & Shahmansouri, 2020; Bai et al., 2025; Fu et al., 2017; Liu et al., 2024; Saeed et al., 2025;
Spadea et al., 1998; Wang et al., 2024; Zhou et al., 2020). The results provided by such proposals are promising where it has
been reported that such anchoring systems can significantly improve the strength, ductility, stiffness and overall
performance of strengthened elements (Ababneh et al., 2020; Abed et al., 2022; Aykac et al., 2013; Bai et al., 2025). However,
most of these proposals may increase the dimensions and weight of RC elements which is generally undesirable. In addition,
due to the difference in material properties (i.e., CFRP vs. steel or UHPC), achieving full bond between steel and CF is
difficult. Moreover, metal plates and anchors are highly vulnerable to corrosion problem which promotes additional
durability problems.

Based on the above limitations of steel anchoring, U-shaped carbon fibre wrapping has been considered in many of
the recent applications (Abed et al., 2021; Al-Mamory & Al-Ahmed, 2022; Bai et al., 2025; Cui et al., 2024). It has been shown
that such anchoring technique can significantly enhance the flexural performance of RC beams by prolonging CFRP
debonding (Abdallah et al., 2023; Bai et al., 2025; Mcguirk, n.d.).

Another solution recently proposed by researchers is the implementation of longitudinal grooving techniques, such
as Externally Bonded Reinforcement In Grooves (EBRIG) or Externally Bonded Reinforcement On Grooves (EBROG) (Fig. 1)
(Kaur et al., 2025; Mashrei et al., 2019; Mostofinejad & Mahmoudabadi, 2010; Sanginabadi et al., 2022). These grooving
techniques increase the contact area between the FRP material and the concrete substrate, thereby enhancing the flexural
performance of strengthened reinforced concrete (RC) elements. Although several studies report that either technique can
significantly improve the flexural strength of RC beams, extensive surface grooving can be time-consuming and labour-
intensive. Furthermore, grooving the concrete cover may compromise the structural integrity of the section, particularly in
cases of excessive grooving or when poor-quality concrete is being strengthened.

FRP Resin

Figure 1: Strengthening of RC beams by EBROG (Left) and EBRIG (right) techniques (Sanginabadi et al., 2022)

The mostrecent and promising solution that overcomes many of the drawbacks of the systems mentioned above is
the use of carbon fibre spike anchors (Assad et al., 2024; del Rey Castillo, Dizhur, et al., 2019; del Rey Castillo, Kanitkar, et
al., 2019; Sun et al., 2020). Similarity in properties of anchoring and strengthening materials (both are carbon fibre) and ease
of installation can effectively influence the performance of such anchoring technique. Moreover, dimensions, weight, quality
of the concrete section are not altered through implementing of such anchoring system. In addition, the installation of CF
spike anchors, if performed correctly, is much easier, faster, and requires less efforts as compared to other solutions.

(Rasheed et al., 2024) have conducted an experimental program for flexural strengthening of five full-scale T-girders
with external CFRP materials. While the CFRP configuration was kept identical across all specimens, the number of CFRP
anchors was varied. The results obtained highlighted the role of CFRP anchors in delaying the failure load beyond the
classical intermediate cracking (IC) failure mode. More recently, (Alhelal et al., 2026) studied the effects of spike anchor
parameters such as anchors placement, dowel diameter, and fan length on the effectiveness of such FRP anchors in
mitigation of intermediate crack debonding failure. The results demonstrated the effectiveness of spike anchors particularly
when positioned solely within the shear span. Additionally, it has been reported that end anchors have improved the peak
displacement at failure by 40%.
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Although some research has been conducted to date regarding the efficacy of the aforementioned bonding
techniques, the most recent version of ACI 440.2-23 (ACI PRC 440.2, 2023) clearly stated that: “further research is needed
to provide information in areas that are still unclear or are in need of additional evidence to validate performance.” Among
the suggested areas, the code has suggested studying the effects different types of anchoring system that could provide for
better bonding between fibre reinforced polymer and the substrate materials and clearly stated that this area is still in need
for further research that can accurately address the debonding problem and possible solutions.

While most anchoring techniques have been examined individually, this study seeks to evaluate the combined
effect of spike anchors and U-wrapping, and to determine the extent to which such integration can enhance the flexural
capacity, ductility, stiffness and toughness of the strengthened RC beams.

2. Experimental Program

To achieve the objectives of the research, a total of ten beams of different strengthening and anchoring
configurations were fabricated and tested. This section provides information about the used material properties, specimen’s
design, installation of CFRP sheets and anchors and testing procedures. The overall experimental setup is illustrated
schematically with further details in Section 2.3.

2.1.Steel and Concrete

To better represent the concrete type of most of the existing RC buildings, tested beams were fabricated using a
concrete mix of designated compressive strength of 30 MPa. All concrete ingredients such as cement, coarse and fine
aggregates had been individually tested and verified according to relevant specifications prior to use. On the other hand, 8
mm diameter steel bars had also been tested and verified as per the BS 4449-05 (BS 4449:2005+A3, 2016) to be used for
both flexural and shear reinforcement. In addition to the material properties listed above, a total of six standard cubes of
150x150x150mm were casted and tested under compression as per the BS EN 12390-3 (BS EN 12390-3:, 2019) to estimate
the actual compressive strength of concrete prior to beams casting. Table 1 shows some of the most important proprieties
of the steel and concrete used.

Table 1: Steel and concrete properties

Steel, conformation with BS 4449-16

Diameter [mm] Yield stress, Re [MPa] Ultimate stress, Rm [MPa] Rm/Re Elongation [%)]

8 575 646 1.123 12.8

Limits 485 <Re< 650 - >1.06 >4
Concrete mix [kg/m?]
Cement Fine aggregate Coarse aggregate Water Viscocrete [5930]
410 740 1035 170 3.28
Concrete strength [MPa]
Sample 1 Sample 2 Sample 3 Average
32.0 31.4 31.7 31.7

2.2.Carbon Fiber and Epoxy

A 0.13 mm unidirectionalwoven Carbon Fiber (CF), commercially known as SikaWrap-230C, has beenimplemented
for longitudinal strengthening and u-anchors. This fibre type has been applied to the concrete surface by using a paste-like
epoxy resin designed for manual application of carbon fibre known as Sikadur-330. These materials are shown in Figure 2.
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On the other hand, a 10 mm diameter (impregnated) unidirectional structural carbon fibre cord, known as SikaWrap
Fx-50C, has been utilized as spike anchor which has been manufactured specifically for such applications. These anchors,
as will be discussed later, had been impregnated first by using a low viscosity impregnation epoxy resin commercially known
as Sikadur-52LP before inserting inside the predrilled anchors’ holes. Figure 2 also shows the anchors fabric and epoxy

materials used in this research. In addition, some of the mostimportant technical properties of these materials are provided
in Table 2.
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Figure 2: Carbon fibre and epoxy materials used in this research

Table 2: Technical properties of strengthening materials

Material Description Property Results*
Thickness [mm] 0.13
Tensile modulus [MPa] 238 x10°
SikaWrap-230C Unidirectional CFRP fabric
Elongation at break [%] 1.8
Tensile strength [MPa] 4300
Elastic modulus [MPa] 3489
Tensile strength [MPa] 33.8
Sikadur-330 @7 days, 30 °C Epoxy resin
Flexural strength [MPa] 60.6
Elongation at break [%] 1.2
Dry diameter [mm)] 6.0
Impregnated diameter [mm] 10.0
Dry tensile strength [MPa] 4000
SikaWrap Fx-50C Unidirectional CFRP cord
Impregnated tensile strength [MPa] 2000
Dry modulus of elasticity [MPa] 240 x 10°
Impregnated modulus of elasticity [MPa] 230 x 10°
Compressive strength [MPa] 270.0
Sikadur-52 LP @7 days, 30 °C Low-viscosity resin
Tensile strength [MPa] 27.0

+Data of all products are provided by the manufacturer.
2.3.Design of the Specimens

A total of nine geometrically identical RC beams were designed, fabricated and tested up to failure under four-
points-bending scheme. All beams, including the strengthened ones, have been designed to fail in flexure considering to
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potential increase in the flexural capacity due to the strengthening process. Each beam was fabricated in dimensions of B x
H x L equals to 120 x 170 x 1200mm with a clear span of 1000mm and a shear span-to-depth ratio (a/d) of 2.20. Flexural
reinforcements consisted of 2D8 mm lower and 1D8 upper steel bars. The beams were strengthened against shear stresses
by D8@60mm bars to avoid shear failure especially in strengthened beams as stated earlier. Figure 3 shows the geometry
and reinforcement details of the tested beams.

In addition to the control beams (CB) of no strengthening or anchoring techniques incorporated, three groups of
strengthened beams were tested. The first group (G1) comprised of three beams: one with only EBR along the bottom span
of the beam, which also serves as a reference beam for strengthening benefits, a beam with EBR and additionally anchored
through a single 100mm wide CFRP u-wrap at each end and a beam with EBR and additionally anchored by using an 80mm
deep single vertical bottom spike anchor. This group was designed to investigate the potential strength gain, or behaviour
improvement, when additionally anchoring the EBR layer through a single technique. Group G2, on the other hand,
investigated EBR with a single end u-wrap combined with either a double lateral or single vertical bottom SA.

In an attempt to improve the end-anchors contribution through midspan strengthening, Group 3 adopted a
configuration of double end u-wraps supplemented by a 100mm wide intermediate u-wrap, with anchorage provided by
either single or double lateral spike anchors per sheet. Therefore, the term “double u-wraps” or “double end u-wrap” in this
study denotes a configuration comprising three u-wraps: two applied at the beam ends and one positioned at midspan.
Figure 4 and Table 3 show the strengthening and anchoring configurations details of all groups.
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Figure 3: Geometry and reinforcement details of the tested beams [Dimensions are in mm)]

2.4.Installation of CF Sheets and Anchors

At the end of concrete curing period, the beams have been removed from water and allowed to dry out before the
CF sheets installation process begins. In accordance with the CFRP manufacturer’s guidelines and prior research
recommendations, the concrete surface should be thoroughly prepared by removing any residue, debris, or contaminants
such as grease, and ensuring it is as rough as possible before CFRP installation. Therefore, after marking and drilling the
locations of spike anchors, bottom and side surfaces of the beams had been thoroughly cleansed by a steel grinder,
roughened by mechanical steel brush, and thoroughly cleaned prior to the application of CFRP sheets and anchors as shown
in Fig. 5 (a) and (b). It should also be noted that the sharp edges of the beams with u-wrapping have been smoothed (rounded)
using a steel grinder as per prior research recommendations.

For the beams to be additionally anchored by using CF spike anchors, holes of 12 mm diameter (2 mm larger than
the diameter of impregnated spike anchor to be used) and have been predrilled, cleaned by using air pump and special
brush, as shown in Figure 5 (c) and then by water jetting to ensure best quality of boding with epoxy resin to be used. The
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depth of the bottom and side holes was kept as 90mm, which is 10mm deeper than the spike anchors to be inserted for
better connectivity with epoxy resin.
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Figure 4: Strengthening and anchoring configurations of beams in all groups
Table 3: Strengthening and anchoring configurations of beam specimens
- No. of No. of spike | Intermediat Orientation of
Beam Description Group Beam .
U-wraps anchors e U-wrap? spike snchors
Control beam (non-strengthened CB - - No -
Externally Bonded Reinforcement. EBR - - No -
EBR with single bottom spike anchor at G1 BA1 ) 2 No Vertical
each en
EBR with single end u-wrap at each end U1 2 - No -
EBR v.wth smgle end u-wrap and double U1SA2 2 8 No Lateral
side spike anchors at each end
EBR with single end u-wrap and single G2
g P g U1BAT 2 2 No Vertical

bottom spike anchor at each end
EBR with double end u-wraps plus single
intermediate u-wrap at each end
EBR with double end u-wraps plus single
intermediate u-wrap and single side spike c3 U2SA1 4 8 Yes Lateral
anchor for each wrap at each end
EBR with double end u-wraps plus single
intermediate u-wrap and double side U2SA2 4 16 Yes Lateral
spike anchors for each wrap at each end

U2 4 - Yes -

With respect to the CFRP sheets application, the epoxy material has been mixed by a percentage of 4:1 by weight
and applied evenly to the surface of concrete by a suitable brush. After that, the pre-cut SikaWrap-230C sheets have been
applied to the bottom surface of the beam (dry layup) and a special roller tube was used to increase the quality of glueing
and to avoid any entrapped air underneath the CFRP sheets. Vertical u-wrapping installation was performed by following the
same process and was done immediately after the bottom CFRP installation.

To prepare the anchors, a 6 mm dry diameter SikaWrap-Fx50 was used for this purpose. Each anchor was precut to
length of 130 mm. From that length, 80 mm was impregnated first by Sikadur-52 LP, which is already prepared by mixing the
two parts by the recommended percentages and then tightened from its end by using plastic ties to make it easy inserted
inside prepared holes. The anchors were left in the room temperature for approximately 10 minutes before inserting them
inside the predrilled holes. The diameter of the impregnated anchors was approximately 10 mm; which is 2 mm less than
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the diameter of the predrilled holes as per manufacturer recommendations. Details of spike anchors preparation and
dimensions are shown in Figure 6.
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Da, La = Diameter and length of the anchor, [mm]

Figure 6: Details of drilled holes and spike anchors used

After the applications of both bottom CF and u-wrapping sheets, the predrilled holes were filled by Sikadur 330
epoxy resin and then the prepared spike anchors were individually inserted up to the desired depth at each hole. The
remaining 50 mm length of each spike anchor was then sprayed out to form a 100 mm diameter fan shape and glued over
the preinstalled CF sheets by using Sikadur 330 and the same tools used in the installation of CF sheets. Same technique
has been used previously by (Alhelal et al., 2026; del Rey Castillo, Dizhur, et al., 2019; Sun et al., 2020) and has been
recommended by the most recent version of (ACI PRC 440.2, 2023). After the successful application of the hybrid anchoring
system is done, the beam specimens have been left 7 days for curing at the room temperature. Fig. 7 shows the most
important steps of the whole strengthening process.

2.5.Test Configuration

All beam specimens were simply supported with 1000mm clear span and tested under four-points flexural testing
using a 200 kN machine. A stiff steel spreader beam was utilized to divide the applied load into two equal point loads with a
clear spacing of 340 mm (shear span equals to 330 mm from each support) as shown in Figure 3. To determine the load-
deflection relationships and the associated structural performance indices such as stiffness and ductility, a high-resolution
electronic dial gauge of 0.01mm accuracy was installed underneath the central point of the beam to measure the deflection.
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The load was applied gradually with a constant rate of approximately 0.5 kN/s until the failure of beams. Prior to testing, the
sides of the beam samples have been white painted to better monitor the initiation and propagation of developed cracks.

U-Wrapping

Bottom CF
(c) Anchors Installation

(d) Fan-Shaped Glu

(a)
b)

Figure 7: Strengthening and anchoring test specimens using CF sheets, u-wrapping and spike anchors

3. Results

This section reports on the recorded and calculated results including cracking load, steel yielding load, ultimate
load, and the corresponding deflections of each phase. In addition, the structural performance indices such as ductility,
stiffness and toughness will also be calculated for each tested beam. The modes of failure for the tested beams will also be
reported and discussed in this section.

3.1.Critical Loads and Deflections

The cracking, flexural steelyielding, and ultimate loads during test, and the related deflections have been carefully
recorded. Table 8 shows the reported loads and deflections for all tested beams. On the hand, the percentage
increase/decrease in loads and deflections have been calculated as compared to the control beam and listed inside
parenthesis in Table 8 as well.

Since different materials such as steel, concrete and carbon fibre are incorporated in the tension side of the beam,
no clearly defined yield point had resulted in almost all load-deflection curves produced. Therefore, the most realistic
definition of yield point reported by (R. Park, 1988) has been implemented to calculate the yield load and the corresponding
yield deflection of steel bars. The implemented definition considers the equivalent elasto-plastic behaviour with 75% secant
stiffness (reduced stiffness) compared to the ultimate load. The same definition has been later adopted by manyresearchers
such as (Mirmiran et al., 1999) and (Pam et al., 2001). Figure 8 shows the definition of the yield point, as well as cracking and
ultimate loading states for the control (CB) beam. The same process has been followed to determine the yield load and
deflection of each tested beam in this research.

3.2. Structural Indices

The behaviour of structural elements such as beams can be quantified by using some structural indices such as
ductility, stiffness and toughness. These indices can define the overall behaviour of the tested element since they utilize
realistic data driven from the tested objects. In this section, these indices will be defined and then calculated for each tested
beam.
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Figure 8: Elasto-plastic definition of yielding, cracking and ultimate points of the CB sample

Ductility is defined as the ability of a structural member to absorb energy before sudden failure. This index utilizes
the maximum and the yield displacements and can be calculated as the ratio of the maximum-to-yield displacement
(Hussein et al., 2012; Pam et al., 2001). Stiffness index, on the other hand, can be defined as the amount of elastic
deformation the element can undergo under the applied loads (Hajighasemali et al., 2014). This definition is like the slope of
the elastic part of the load-deflection curve and therefore, can be directly calculated from the load-deflection data.
Toughness is another important performance index which defines the amount of load it can be absorbed by the member
before failure. This index can therefore be defined as the area under the load-deflection curves (Hajighasemali et al., 2014).

The calculated structuralindices and the percentages of increase/decrease of such indices compared to the control
beam are summarized in Table 9. For better readability, Figure 9 can also be used to show the load carrying capacity of all
tested beams as well as the percentages of increase (or decrease) of the structural indices discussed. As will be discussed
later, careful reviewing of Table 9 and Figure 9, the reader can clearly see that although the critical loads have increased, the
ductility of all tested beams decreased due to the decrease in the ultimate deflection due to the application of CFRP
strengthening.

Table 8: Critical loads and the corresponding deflections, and the percentages of increase / decrease

Beam Cracking Cracking deflection Yielding load Yielding deflection | Ultimate load | Ultimate deflection Failure mode
load [kN] [%] [mm] [%] [kN][%] [mm] [%] [kN] [%] [mm] [%]
CcB 201[0.00] 2.9[0.00] 50.5[0.00] 8.2[0.00] 560.00] 16.43[0.00] Flexural
EBR 30[50] 3.5[20.69] 63[24.75] 9.1[10.98] 68 [21.43] 10.86 [-33.90] DEbgr;:i';’g of
BA1 30[50] 3.66[26.21] 90[78.22] 10[21.95] 101.5[81.25] 13.6[-17.22] R”g;‘gs of
U1 36(80] 4[37.93] 69.5[37.62] 9.8[19.51] 78[39.29] 11.04[-32.81] R“gtF‘JRrS of
U1SA2 54[170] 5.4[86.21] 92[82.18] 10.8[31.71] 103[83.93] 14.3[-12.96] R”gtFuRrS of
U1BA1 36(80] 3.73[28.62] 92[82.18] 11.2[36.59] 104[85.71] 13.25[-19.35] R”g;‘gs of
U2 42[110] 3.67[26.55] 79(56.44] 8.4[2.44] 91[62.50] 11.56 [-29.64] R”g;‘gs of
U2SA1 33[65] 3.7[27.59] 82[62.38] 11.8[43.90] 88[57.14] 13.04[-20.63] R”gtFuRrS of
U2SA2 42[110] 3.8[31.03] 94[86.14] 10.2[24.39] 110[96.43] 12.65[-23.01] R”gtFuRrS of

3.3.Load-Deflection Curves

The load-deflection curves have been constructed for all tested beams. As stated earlier, the load was applied
gradually from zero up to the failure load with constant rate of 0.5 kN/s. In all beams, the data of load, and the corresponding
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deflection, were collected for each 2 kN increment for better construction of the curves. Figures 10-12 illustrates the load-
deflection curves of the three tested groups, where the reader can clearly notice the strength gain due to the implementation
of either a single (as in Figure 10) or the hybrid (Figure 11 and 12) anchoring system for the EBR strengthening. Nevertheless,
the results of all tested beams will be individually discussed. Please notice is that the samples CB and EBR were included in
all of these three figures since both can serve as reference specimen in the discussion that will be provided in the next
sections.

Table 9: Percentage increase/decrease of structural indices

Beam Ductility [%] Stiffness [%] Toughness [%]
CB 2.00 0.00 5.75 0.00 642 0.00
EBR 1.19 -40.45 5.89 2.40 432 -32.71
BA1 1.36 -32.14 9.46 64.45 865 34.74
u1 1.13 -43.79 5.78 0.37 490 -23.68
U1SA2 1.32 -33.93 7.04 22.28 1047 63.08
U1BA1 1.18 -40.97 7.50 30.27 792 23.36
U2 1.38 -31.33 7.82 35.93 653 1.71
U2SA1 1.11 -44.86 6.05 5.12 670 4.36
U2SA2 1.24 -38.11 8.13 41.19 817 27.26
|
U2SA2 ‘ :
U2SA1 L ‘
j
U2 =
——
U1BA1 -
U1SA2
U1 e
e - % Pcr
BA1 : [ Jwpy
T ‘ I o Pu
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Percentages of Increase/Decrease

Figure 9: Percentages increase/decrease of the critical loads and structural indices

3.4. Modes of Failure

The failure mode represents a critical indicator of how a beam ultimately behaves under applied loads. Despite its
qualitative nature, failure mode carries greater significance than other structural indices previously discussed. Therefore,
the authors aim to qualitatively describe the observed failure mechanisms of each tested beam. A review of Figure 13, which
illustrates the failure modes of all tested beams, reveals that the incorporation of anchorage techniques such as u-wrapping
or spike anchors effectively altered the failure mechanism. Whereas the externally bonded reinforcement (EBR) beam failed
by premature end debonding, the anchored beams exhibited a more favourable mode of failure, namely CFRP
rupture/tearing. Alongside the notable increase in load-carrying capacity, this shiftin failure mode indicates a more efficient
utilization of the CFRP material, ensuring that it performs closer to its intended structural purpose.
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The rupture load of the CFRP can be directly related to its tensile properties. For the CFRP sheet used in this study
(thickness =0.13 mm, width =100 mm), tensile strength = 4300 MPa), the theoretical tensile capacity is approximately 56 kN.
This value represents the maximum axial force the CFRP can sustain before rupture. All tested beams exhibited ultimate
loads exceeding this theoretical CFRP capacity, especially with the further implementation of spike anchors and u-wraps.
The final failure mode was CFRP rupture, confirming that the CFRP material properties governed the ultimate load. This
demonstrates that the reported rupture loads are physically justified by the intrinsic tensile strength and modulus of the
CFRP.

4. Discussion

Given the data presented above regarding the critical loads, and corresponding deflection of each loading stage,
structuralindices of each tested beam, percentage of increase (or decrease) of the loads and the performance indices, and
the modes of failure, this section will be dedicated to discuss these results in a group-by-group form to achieve the
objectives of the research:

4.1.Control Beam

The non-strengthened RC control beams, CB, has been designed to fail in flexure. As per the most current ACI 318
Code (ACI Committee 318, 2025), the theoretical design load it can carry is about 49 kN. Test results showed a normal load-
deflection behaviour where the deflection has increased gradually as the applied load was increased from zero up to the
failure load of 56 kN. The failure mode of this beam sample was a pure flexural failure duo to the propagation of flexural
cracks near the midspan of the beam. The ductility index of this beam was 2.0, which is larger than other tested beams in
this experimental work.

4.2.Group G1

This group, as discussed previously, consisted of three beams (EBR, BA1 and U1) and has been designed to
investigate the effects of individual anchorage system that can be additionally implemented to overcome the debonding
failure of EBR strengthened beams. All the beams in this group showed linear load-deflection relationships up to the failure
loadings are reached. Beam EBR has showed a greater load-carrying capacity (®22%) than the control beam. However, it
failed suddenly by CFRP debonding from one end of the beam when the ultimate load reached 68 kN. Flexural cracks began
to appear atthe beam’s midspan once the applied load reached the cracking threshold of approximately 30 kN. With further
loading, these cracks propagated deeper into the section and widened progressively, accompanied by the initiation of
additional flexural and shear cracks as the applied load increased. The ultimate deflection of the beam sample was lower
than the control beam by 6mm, which has resulted in a significant reduction of the ductility as shown in both Figure 9 and
Table 9.

On the other hand, BA1 and U1 which are additionally anchored by using either a bottom spike anchor or a single u-
wrap at each end, respectively, have supported greater load as compared to EBR sample and both samples have failed by
CFRP rupture roughly at midspan of the beam. The failure mode of BA1 and U1 emphasizes the role of anchors in providing
extra capacity for the anchored beams and therefore altering the mode of failure from debonding to rupture. As can be seen
in Figure 9 and Table 9, that although the ductility of both samples has been reduced compared to the CB sample, the overall
performance of BA1 was much better than U1 sample in terms of stiffness and toughness. For example, BA1 showed
percentages increase in ultimate load, stiffness and toughness by 81, 42 and 35%, respectively, compared to the control
beam.
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Figure 10: Load-deflection curve of group G1 and CB

M0 - cB
100 - ——EBR o
- - 1
90 - - -- UIBA1 //’ I
- P \
o U1sA2 2 .
N Z
" F -
X, 60 = /
- /’
T s | /
Sk 7
L )
30 |- y
20
C ~
10 |/
o 7S T NI NI TN I NI N
0 2 4 6 8 10 12 14 16 18

Deflection [mm]

Figure 11: Load-deflection curve of group G2, EBR and CB

Load [kN]

@
<)

0 I L L B LN L
.

Jo g0 FSr N I TR T [T I I N
2 4 8 8 10 12 14 16 18

o

Deflection [mm]

Figure 12: Load-deflection curves of group G3, EBR and CB

4.1.Group G2

To investigate the hybrid contribution of both u-wrapping and spike anchors, Group G2, which consisted of two
beam sample was designed. Both samples were anchored by using a single u-wrap at each end, however, sample UTSA2
was additionally anchored by two side spike anchors while sample U1BA1 was anchored by a single bottom vertical spike
anchor. As shown in Table 8, comparing the ultimate load capacity of both beams to CB specimen, both beams have
provided superior ultimate load capacity by more than 84% increase. Stiffness and toughness of both beams, as shown in
Fig. 9, have also been respectively increased by more than 22 and 63% for beam U1SA2, and by more than 30 and 23% for
beam U1BA1. Compared to each other, on the other hand, the performance of both samples was relatively similar in terms
of the determined structural performance indicators and mode of failure. Although both samples surpassed either CB or
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EBR, the performance of these two beams was almost indistinguishable from beam BA1 tested in group G1. The mode of
failure of both samples in this group, was CFRP rupture at midspan triggered by the development of wide and extensive
intermediate cracks (IC). In fact, such mode of failure can be encountered due to the higher flexural stresses at midspan
compared to the stresses at ends of the beams. Consequently, the anchorage modifications applied at the ends in Group
G2 did notyield significantimprovements over Group G1. To address this limitation, allbeamsin Group G3 were additionally
anchored at midspan using an extra u-wrap, aiming to reinforce the region of maximum stress and redistribute the demand
toward the beam ends for potentially enhanced anchorage efficiency.

4.2.Group G3

In addition to the double u-wraps incorporated at each end of the beams of this group, they have been additionally
anchored at midspan by an extra 10mm wide u-wrap. Beam U2 was tested to assess potential improvements in structural
behaviour relative to sample U1. Beams U2SA1 and U2SA2 have been additionally anchored by single and double side spike
anchors, respectively. The results of this group, in general, have not resulted in any significant improvements compared to
the beams of Group G2, except sample U2SA2 which provided percentage increase in ultimate load, stiffness and toughness
by 97, 41 and 27%, respectively compared to CB beam. On the other hands, the mode of failure of this group was CFRP
rupture at the unanchored area between beams midspan and one of its ends as shown in Figure 13.

5. Conclusions

This research investigated the potential effect of combining two anchoring techniques to improve the bonding
strength of the externally bonded CFRP material (EBR) to the concrete surface, and therefore, to maximize the flexural
capacity of the strengthened members. Based on the results obtained, the following results can be stated:

o Strengthening of RC beams solely by EBR can result in a noticeable increase in the load carrying capacity of the
strengthened beams. Although this improvement of load capacity is advantageous for the strength limit state, the
ductility of the member, can be decreased sharply due to this strengthening which is undesired from the serviceability
limit state viewpoint.

o Anchoringthe EBR strengthened beams by double u-wraps at end of the CFRP layer provided better flexural performance
than single u-wrap in all the structural indices investigated. This can be seen by comparing the results of U2 compared
to U1 sample.

o Anchoring of EBR strengthened beams by means of bottom spike anchors at ends of CFRP layer outperformed the
beams anchored by either a single or double u-wrapping. For example, almost all structural indices of BA1 are better
than the corresponding indices of U1 or U2 beams.

o Interms of cracking load, yielding load, ultimate load, ductility and toughness, the incorporation of double side spike
anchors as in beam U1SA2 showed better results compared to the single bottom spike anchor as in beam U1BA1.

o Incorporating of a single u-wrap with double side spike anchors asin beam U1SA2 provided better load carrying capacity
and structural indices compared to beam U2SA1, which has been anchored by double u-wraps and single side spike
anchor.

o Acomparison between specimens BA1 and U1BA1 indicates that the addition of u-wrapping to the bottom spike anchor
system produced only a negligible enhancement in load-carrying capacity. The ultimate load increased marginally from
101.5 to 104 kN, a gain too minor to justify the additional time, effort, and cost associated with incorporating u-wraps
alongside bottom spike anchors.
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o Anchoring the EBR-strengthened beams with any of the configurations examined in this study has altered the failure
mode from CFRP debonding to CFRP rupture, thereby enabling greater utilization of the CFRP’s tensile capacity for its
intended strengthening function.

However, given the limitations of time and resources, the authors recommend that future studies should further
investigate spike anchor configurations, including parameters such as embedment depth, anchor diameter, spacing, and
alternative arrangements.

Figure 13: Modes of failure: (a) Beams of group G1, plus CB, (b) Beams of group G2 and (c) Beams of group G3.



Civil and Environmental Engineering Vol. 0, Issue 0

Acknowledgements

The authors gratefully acknowledge the College of Engineering, University of ThiQar, for granting access to its
instruments, which enabled the experimental component of this research. In addition, we express our sincere
gratitude to Mohammed Ahmed Talal for his helpful contribution and support.

Author Contributions

A.A.S. & M.A.M. conceived and designed the study, conducted the experiments, collected the data and contributed
to manuscript writing. Sh.N.A.H. performed the statistical analysis. R.A.H.A. contributed to data interpretation and
manuscript drafting. All authors critically reviewed and approved the final version of the manuscript and agreed to
be accountable for all aspects of the work.

Disclosure of Interest

The authors declare that they have no known competing financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Data Availability Statement
The data supporting the findings of this study are available from the corresponding author upon reasonable request.
References

Ababneh, A. N., Al-Rousan, R. Z., & Ghaith, I. M. N. (2020). Experimental study on anchoring of FRP-strengthened concrete
beams. Structures, 23, 26-33. https://doi.org/10.1016/j.istruc.2019.09.018.

Abdallah, M., AlMahmoud, F., Khalil, N., & Khelil, A. (2023). Effect of the strengthening patterns on the flexural performance
of RC continuous beams using FRP reinforcements. Engineering Structures, 280, 115657.
https://doi.org/10.1016/j.engstruct.2023.115657.

Abed, R. J., Mashrei, M. A., & Sultan, A. A. (2021). Evaluating Flexural Strength of RC Beams Strengthened by CFRP using
Different Analytical Models. Civil and Environmental Engineering, 17(2), 465-475.
https://doi.org/10.2478/cee-2021-0049.

Abed, R. J., Mashrei, M. A, & Sultan, A. A. (2022). Flexural behavior of reinforced concrete beams strengthened by carbon
fiberreinforced polymer using different strengthening techniques. Advances in Structural Engineering, 25(2), 355-373.
https://doi.org/10.1177/13694332211049992

ACI Committee 318. (2025). ACI CODE-318-25: Building Code for Structural Concrete—Code Requirements and
Commentary (ACI CODE-318-25) [Technical Documents].
https://www.concrete.org/store/productdetail.aspx?ltemID=318U25&Language=English&Units=US_Units.

ACI PRC 440.2. (2023). ACI PRC-440.2-23: Design and Construction of Externally Bonded Fiber-Reinforced Polymer (FRP)
Systems for Strengthening Concrete Structures—Guide.
https://www.concrete.org/publications/internationalconcreteabstractsportal/m/details/id/51740286.

Akbarzadeh Bengar, H., & Shahmansouri, A. A. (2020). A new anchorage system for CFRP strips in externally strengthened
RC continuous beams. Journal of Building Engineering, 30, 101230. https://doi.org/10.1016/j.jobe.2020.101230.
Alhelal, A., Kalfat, R., & Al-Mahaidi, R. (2026). Mitigation of intermediate crack induced debonding of FRP strengthened RC

members using FRP spike anchors. Materials and Structures, 59(2), 68. https://doi.org/10.1617/s11527-026-02972-2.

Alkhateeb, M. Y., & Hejazi, F. (2022). Reinforced concrete beams externally strengthened by CFRP rods with steel plate,
anchorage bolts, and concrete jacketing. Structures, 46, 1994-2013. https://doi.org/10.1016/j.istruc.2022.11.024.

Al-Mamory, Z. K., & Al-Ahmed, A. H. A. (2022). Behavior of steel fiber reinforced concrete beams with CFRP wrapped lap
splice bars. Structures, 44, 1995-2011.

Assad, M., Hawileh, R. A., & Abdalla, J. A. (2024). Flexural strengthening of reinforced concrete beams with CFRP laminates
and spike anchors. Composites Part C: Open Access, 13, 100443. https://doi.org/10.1016/j.jcomc.2024.100443.
Aykac, S., Kalkan, I., Aykac, B., Karahan, S., & Kayar, S. (2013). Strengthening and Repair of Reinforced Concrete Beams

Using External Steel Plates. https://ascelibrary.org/doi/10.1061/%28ASCE%29ST.1943-541X.0000714.



Civil and Environmental Engineering Vol. 0, Issue 0

Bai, Y.-L., Niu, W.-Q., Mei, S.-J., & Gao, W.-Y. (2025). Flexural behavior of hybrid C-PET FRP-strengthened RC beams with U-
strip anchorages. Engineering Structures, 322, 119164. https://doi.org/10.1016/j.engstruct.2024.119164.

BS 4449:2005+A3. (2016). Steel for the reinforcement of concrete. Weldable reinforcing steel. Bar, coil and decoiled product.
Specification. https://www.en-standard.eu/bs-4449-2005-a3-2016-steel-for-the-reinforcement-of-concrete-
weldable-reinforcing-steel-bar-coil-and-decoiled-product-specification/.

BS EN 12390-3: (2019). Testing hardened concrete: Compressive strength of test specimens. Bing.
https://www.bing.com/search?q=BS+EN+12390-
3%3A+Testing+hardened+concrete%3A+Compressive+strength+of+test+specimens.&FORM=SSQNT1&adppc=EDG
EDBB&PC=EDGEDB.

Cui, J., Xing, G., Miao, P., Zhang, Y., Chang, Z., & Khan, A. Q. (2024). Flexural behavior of RC beams strengthened with BFRP
bars and CFRP U-jackets: Experimental and numerical analysis. Journal of Building Engineering, 97, 110932.
https://doi.org/10.1016/j.jobe.2024.110932.

Del Rey Castillo, E., Dizhur, D., Griffith, M., & Ingham, J. (2019). Strengthening RC structures using FRP spike anchors in
combination with EBR systems. Composite Structures, 209, 668-685.
https://doi.org/10.1016/j.compstruct.2018.10.093.

Del Rey Castillo, E., Kanitkar, R., Smith, S. T., Griffith, M. C., & Ingham, J. M. (2019). Design approach for FRP spike anchors
in FRP-strengthened RC structures. Composite Structures, 214, 23-33.
https://doi.org/10.1016/j.compstruct.2019.01.100.

Fu, B., Chen, G. M., & Teng, J. G. (2017). Mitigation of intermediate crack debonding in FRP-plated RC beams using FRP U-
jackets. Composite Structures, 176, 883-897. https://doi.org/10.1016/j.compstruct.2017.05.049.

Gu, W,, Liu, H., & Dong, Y. (2022). Experimental Study on the Flexural Properties of Concrete Beams Reinforced with Hybrid
Steel/Fiber-Belt-Bars. Materials, 15(10), 3505.

Hajighasemali, S., Ramezanianpour, A., & Kashefizadeh, M. (2014). The effect of alkali-silica reaction on strength and
ductility analyses of RC beams. Magazine of Concrete Research, 66(15), 751-760.
https://doi.org/10.1680/macr.13.00282.

Hussein, M., Kunieda, M., & Nakamura, H. (2012). Strength and ductility of RC beams strengthened with steel-reinforced
strain hardening cementitious composites. Cement and Concrete Composites, 34(9), 1061-1066.
https://doi.org/10.1016/j.cemconcomp.2012.06.004.

Kaur, M., Chawla, H., & Kwatra, N. (2025). Bonding techniques for CFRP-concrete interfaces: A comparative study of epoxy
anchors and grooves with GO-modified epoxy. Structures, 75, 108719. https://doi.org/10.1016/j.istruc.2025.108719.

Liu, Y.-L., Hong, J.-Q., Deng, J., Guo, D., & Dai, J.-G. (2024). Structural performance of RC beams strengthened with hybrid
bonded CFRP. Journal of Building Engineering, 88, 109178. https://doi.org/10.1016/j.jobe.2024.109178.

Mashrei, Mohammed. A., Makki, Jamal. S., & Sultan, A. A. (2019). Flexural Strengthening of Reinforced Concrete Beams
Using Carbon Fiber Reinforced Polymer (CFRP) Sheets with Grooves. Latin American Journal of Solids and Structures,
16(4), e176. https://doi.org/10.1590/1679-78255514.

Mcguirk, G. N. (n.d.). Development of Anchorage System for Frp Strengthening Applications Using Integrated Frp Composite
Anchors. Retrieved January 15, 2026, from https://scholarworks.umass.edu/entities/publication/829a1658-5beb-
4e51-a359-4e0ebfd9259a.

Mirmiran, A., Shahawy, M., & Samaan, M. (1999). Strength and Ductility of Hybrid FRP-Concrete Beam-Columns. Journal of
Structural Engineering-Asce - J STRUCT ENG-ASCE, 125. https://doi.org/10.1061/(ASCE)0733-
9445(1999)125:10(1085).

Mostofinejad, D., & Mahmoudabadi, E. (2010). Grooving as Alternative Method of Surface Preparation to Postpone
Debonding of FRP Laminates in Concrete Beams. https://ascelibrary.org/doi/10.1061/%28ASCE%29CC.1943-
5614.0000117.

Pam, H. J., Kwan, A. K. H., & Islam, M. S. (2001). Flexural strength and ductility of reinforced normal- and high-strength
concrete beams. Proceedings of the Institution of Civil Engineers - Structures and Buildings, 146(4), 381-389.
https://doi.org/10.1680/stbu.2001.146.4.381.

R. Park. (1988). Ductility evaluation from laboratory and analytical testing (p. VIII 605-VIII 616).

Rasheed, H. A., Zaki, M. A., & Raheem, M. M. (2024). Effectiveness of Fiber Anchors in CFRP Flexural Strengthening of RC
Girders. Journal of Composites for Construction, 28(4), 04024028. https://doi.org/10.1061/JCCOF2.CCENG-4367.

Saeed, F. H., Hejazi, F., & Rashid, R. S. M. (2025). Mechanical anchorage system in retrofitting of RC slabs using CFRP rods
and concrete jacket. Archives of Civil and Mechanical Engineering, 25(2), 72. https://doi.org/10.1007/s43452-025-
01127-4.



Civil and Environmental Engineering Vol. 0, Issue 0

Sanginabadi, K., Yazdani, A., Mostofinejad, D., & Czaderski, C. (2022). RC members externally strengthened with FRP
composites by grooving methods including EBROG and EBRIG: A state-of-the-art review. Construction and Building
Materials, 324, 126662. https://doi.org/10.1016/j.conbuildmat.2022.126662.

Spadea, G., Bencardino, F., & Swamy, R. N. (1998). Structural Behavior of Composite RC Beams with Externally Bonded
CFRP. Journal of Composites for Construction, 2(3), 132-137. https://doi.org/10.1061/(ASCE)1090-
0268(1998)2:3(132).

Sun,W,, Liu, S., &Zhang, C. (2020). An effective improvement for enhancing the strength and feasibility of FRP spike anchors.
Composite Structures, 247, 112449. https://doi.org/10.1016/j.compstruct.2020.112449.

Wang, Y., Zheng, H., Chen, H., Chen, Z., & Zhuang, N. (2024). Experimental and numerical study on the flexural properties of
RC beams with different CFRP-strengthened schemes. Journal of Building Engineering, 97, 110734.
https://doi.org/10.1016/j.jobe.2024.110734.

Zhou, C., Guo, Y., Wang, Y., He, X., & Xiong, Z. (2020). Flexural Behaviour of Narrow RC Beams Strengthened with Hybrid
Anchored CFRP Sheets. Journal of Advanced Concrete Technology, 18(3), 54-66. https://doi.org/10.3151/jact.18.54.

How to Cite This Article

Sultan, A. A., Mashrei, M. A., Hussain, S. N. A, & Alj, R. A. H. (2026). Integrating CFRP U-Wrapping and Spike Anchors in
the Applications of Flexural Strengthening of RC Beams. Civil and Environmental Engineering, 0 (0).
https://doi.org/10.2478/cee-2027-0024




