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ABSTRACT

In this research, thirteen T-shaped hybrid concrete beams were designed to investigate their
flexural behavior. Flanges of all beams were cast by 106 N/mm? f;, of self-compacting high-
strength concrete (SC-HSC), while the webs were made by 45 N/mm? f;, of normal-strength
concrete (NSC). One beam was loaded up to failure as a control beam (CB), and the other beams
were divided into two groups; the first group consisted of six beams preloaded by 45% of CB's
ultimate load (P.), and the other group of beams subjected to 85% of CB's P.. Beams were
retrofitted along the entire clear span using various numbers and placements of glass fiber-
reinforced polymer (GFRP) bars mounted near the bottoms and side(s) surfaces. However, tests
resulted in a notable enhancement ranging from 35% to 101% of retrofitted beams. At the same
time, the maximum deflections of both groups witnessed a range from 21.9 mm to 34.9 mm
beside CB's ultimate deflection (33.8 mm); in addition, ductility ratio, toughness, and stiffness
values varied between (55.89% and 73.8% reduction), (15.95% decrement and 31.96%
increment), and (2.36% and 47.83% reduction), respectively. Furthermore, the failure mode

was mainly GFRP-Epoxy debonding.
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1. INTRODUCTION

Over the past decade, structural engineering has made significant strides in performance
enhancement techniques of concrete elements, including load-bearing capacity improvement,
particularly elements that suffer from strength deterioration or require additional reinforcement
to endure increased loads due to changing the structure's purpose or inaccurate structural design,
where the near surface mounting technique using GFRP bars is considered one of the innovative
and effective solutions besides the hybridization concrete types in the used structural elements.
Several studies have been undertaken in this regard, such as preloaded hybrid concrete beams
retrofitted by the CFRP external bonding method, which experienced an improvement in
ultimate load (Al-Hilfi and Al-Katib, 2024). Another investigation of 70% Pu preloaded hybrid
rectangular beams retrofitted by NSM-GFRP bars resulted in cracking load reduction and
loading capacity improvement in beams with three bottom bars configuration (Joudah and Al-
Katib, 2024); a slight difference (6.64% of ultimate load) was observed in one-way slabs
strengthened by NSM bars that were simulated with computerized finite elements (Kamonna
and Abd Al-Sada, 2021) In parallel, the EB ( CFRP sheets) slightly improved ultimate load
under identical pre-damaged status and retrofitting configuration, while the NSM (carbon bars)
exhibited higher ductility and better debonding resistance (Aljebory and Kamonna, 2025).
Moreover, T-shaped beams were fabricated of different f'c (fully of NSC), (fully of HSC), (HSC
flange: NSC web), and (NSC flange: HSC web). The study indicated that the type of concrete
significantly influenced the flexural behavior of strengthened concrete beams and concluded
that utilizing (HSC flange: NSC web) beams increased the ultimate load and deflection while
decreasing cracks occurrence compared to the (fully HSC) beam (Marzoq and Borhan, 2020).
In addition, three beams were made of (fully NSC), (fully HSC), and (hybrid). Tests revealed
that using hybrid concrete beams enhances ultimate load capacity and toughness and increases
the deflection compared to the entire NSC beam (Al-Katib and Al-Turaihi, 2024a).
Furthermore, an experiment engaged RC beams that were strengthened with Side-NSM-GFRP
bars by altering bar diameters and bond lengths, which resulted in ultimate load improvement
and showed that the strengthening reinforcement's bond length dramatically impacts toughness,
ductility, and stiffness more than the amount of strengthening reinforcement (Hosen et al.,
2017). Lightweight RC beams were strengthened by Side-NSM-GFRP bars and displayed an
ultimate capacity improvement. Moreover, observation indicated that a replacement of 50% of
the epoxy adhesive by a cement mortar at the mid-span almost had a similarity in ultimate
capacity when 100% epoxy adhesive was used (Al Thairy and Youssef, 2023). On the other
hand, a study of RC beams that were strengthened overall with the NSM-GFRP bars system
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considerably increased the ultimate moment (Tang et al., 2006). Also, to imitate the work in
reality, the strengthening system grooves were made between the internal faces of supporting
columns, which enhanced yielding and ultimate loads (Sharaky et al., 2014). As well as
differently strengthened (normal and lightweight) RC beams using NSM techniques with GFRP
bars, GFRP-L steel anchors, or CFRP sheets. The findings indicated that the ultimate strength
increases. The ultimate capacity and deflection of beams strengthened with combined L-steel
and GFRP bars were higher than those strengthened with GFRP sheets, with debonding failure
being the predominant failure mode, as "debonding is the most fundamental problem of
strengthening beams using the NSM technique. The effect of this phenomenon is reduced
significantly in the study using the hybrid system. However, the debonding problem still
remains in force for carbon/glass-strengthened beams." (Tahmouresi et al., 2022). Furthermore,
" most of the previous related research stated that the tested RC-strengthened beams with NSM
FRP failed due to debonding or concrete cover separation. ". The findings demonstrated that
the GFRP bars with bent ends prevented the concrete cover separation and increased loading
capacity (Reda et al., 2016). Correspondingly, this study concluded that "strengthening by
GFRP bar with a length equal to a clear span gives better results and prevents separation of the
concrete cover since the strengthening crosses the flexural stresses region into the shear stresses
region." (Al-Katib and AL-Turaihi, 2024b). Various techniques were also conducted for
repairing damaged RC beams, revealing that all repaired beams exhibited substantial
improvements in behavior, load capacity, stiffness, ductility, and energy absorption compared
to the damaged beam. The side-NSM technique demonstrated greater energy absorption
capacity and ductility than the EBR (BenSaoud et al., 2024). The adhesive material in NSM
strengthening techniques was replaced by various percentages of cement mortar, which
revealed the possibility of replacing less than 75% of cement mortar with the side-NSM
technique when epoxy is not available; on the other side, 50% and 75% replacement of adhesive
by cement mortar triggered debonding failure mode (Hosen et al., 2020). Increasing the
concrete compressive strength of T-hybrid RC beam flanges increased the ultimate shear failure
load (Al Shami, 2022). According to the above research, this study focuses on the flexural
behavior of hybrid concrete T-shape beams using the NSM technique. These engineered beams
are characterized by an amalgamation of SC-HSC in the beams' flanges with NSC webs, which
gives unique structural properties that allow them to withstand substantial loads, besides
showing a noticeable deflected shape, hence assuring a high safety level as an advantage.
Generally, the assessed effect of utilizing the NSM technique and FRP on the flexural behavior

of hybrid beams and the analysis of load exposure performance demonstrated a significant
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enhancement in the behaviors, which are crucial in advancing contemporary engineering
solutions, optimizing design standards, and effectively rehabilitating concrete structures.

2. METHODOLOGY

2.1. Specimens' description

Thirteen slender, simply-supported T-shaped hybrid concrete beams were engineered according
to the ACI-318 Code (ACI, 2019) and symmetrically cast to investigate their flexural behaviors.
The geometry of each beam is (2100 mm) in total length and (270 mm) in total height; the
flange is 350 mm in width and 80 mm in thickness, made out of SC-HSC with 106 kN/mm? f;.;
the specimen's web is 150 mm in width and 190 mm height, made out of NSC of 45 kN/mm?
feu. Specimens reinforced with (2 @ 12 mm) primary longitudinal tension reinforcement,
(4 ® 8 mm) top reinforcement in the long direction of the flange, (9@ 8 @ 250 mm) A
transverse reinforcement of the flange short direction, and stirrups were
(2x (89 10 mm @ 100 mm) Eight on each side, as illustrated in Fig. 1. One of the thirteen
beams detailed in Table 1 had been selected as a control specimen.

Table 1. Specimens’ details

Group ID Description
Control CB Beam Control subjected to load up to failure (Ultimate Load)
BR45-1B 1 GFRP bar at the bottom
BR45-2B Beam subjected to 2 GFRP bars at the bottom
Group 1 | BR45-1S 45% of CB 1 GFRP bar on one side
(G1) | BR45-28 Ultimate Load to | 2 GFRP bars, one on each side
BR45-1B2s | beretrofitted by: | 5 Gprp bars, one at the bottom and one at each side
BR45-2B1S 3 GFRP bars, two at the bottom and one on one side
BR&5-1B 1 GFRP bar at the bottom
BR85-2B Beam subjected to 2 GFRP bars at the bottom
Group 2 | BR85-1S 85% of CB 1 GFRP bar on one side
(G2) | BR85-28 Ultimate Load to | 2 GFRP bars, one on each side
BR85-1B2s | beretrofitted by: | 5 Gprp bars, one at the bottom and one at each side
BR8&5-2B1S 3 GFRP bars, two at the bottom and one on one side

2.2.  Materials and specimens' preparation

Several mix batches were attempted using different portions of Portland Limestone Cement
until the two targeted concrete mixtures were produced; all specimen flanges were made of SC-
HSC with 106 N/mm? £, and a web of NSC 45 N/mm?. MegaAdd MS(D) Silica Fume was 8%
of cement weight, and the Flocrete PC260 (DCP-Hyperplast) admixture was 2.7% of
cementitious materials. Tables 2a, 2b, and 2c detail the concrete mixture components, fresh
concrete tests, and the mechanical properties of hardened concrete. Based on the structural
design and ASTM A615/A615M requirements (ASTM, 2024), three different nominal sizes
(® 8,10 & 12) mm of steel bars with yield strength (468, 496, and 503) N/mm?, respectively,
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were used for the specimens' reinforcement. Furthermore, a single nominal size (@ 12 mm) of
Russian GFRP bars with mean tensile strength, modulus of elasticity, and elongation (strain %)
(1331 N/mm?, 51197 N/mm? and 2.467 %), respectively, was used in the NSM retrofitting
technique that was mounted in prepared grooves, in different numbers and positions using
Sikadur 30 LP epoxy resin. The steel cages were placed in the (18 mm thickness) plywood
molds; furthermore, a portable 22 rpm concrete mixer was used to produce both types of

concrete, and curing was for about 14 days.
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Fig. 1. Specimen dimensions and reinforcement details

Table 2a. Components details of concrete mixtures per one cubic meter

Concrete Type Cc S.F* F.A" C.A" W SP*
P (Kg) (Kg) (Kg) (Kg) (L) (L)

NSC 290 - 700 1200 160 2.5
SC-HSC 550 44 615 1100 121 15

*C: Cement (PLC / CEM II/A-L 42.5 R), S.F: Silica Fume, F.A: Fine Aggregate (Zone 2),
C.A: Coarse Aggregate (NSC: Partially Crashed 5-19 mm and SC-HSC: Fully Crashed 5-14 mm),
W: Water Tap, SP: Superplasticizer.

Table 2b. Fresh concrete properties

Test Type Slump Flow (mm) T500 (sec) J-Ring (mm)
Results 785 4 9
Standards Limits (650 - 800) (2-5) (0-10)
Table 2¢. Hardened concrete mechanical properties
Concrete Average of Average of Average of
Type Compressive Strength Flexural Strength Tensile Strength
Seu 1 fi
(N/mm?) (N/mm?) (N/mm?)
NSC 45! 5.97 3
SC-HSC 106° 12.25 5.46

! An average value of testing three cubes of size 150 mm.
2 An average value of testing three cubes of size 100 mm.

2.3. Retrofitting details
For comparison, the CB was considered without retrofitting Fig. 2a, G1 beams were initially

loaded with 45% of CB's Pu and denoted by (BR45-1B, b, BR45-1S, b, BR45-2B, b, BR45-2S,
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b, BR45-1B2S, b, and BR45-2B1S, b), and G2 beams preloaded with 85% denoted as (BR85-
1B, b, BR85-1S, b, BR85-2B, b, BR85-2S, b, BR85-1B2S, b, and BR85-2B1S, b), and
thereafter, these beams were retrofitted in successive pairs with one, two, and three GFRP bars
with a change in bars’ locations between bottom and side(s) and loaded until failure, designated
as (BR45-1B, a, BR45-18, a, BR45-2B, a, BR45-2S, a, BR45-1B2S, a, and BR45-2B1S, a) and
(BR85-1B, a, BR85-18S, a, BR85-2B, a, BR85-2S, a, BR85-1B2S, a, and BR85-2B1S, a) for G1
and G2, respectively, Figs. 2b and 2¢ show the retrofitting of the NSM system. The lowercase
letters b (before) or a (after) followed the specimen ID, respectively denoted for the initial
loading and the post-retrofitting stage. The NSM technique was implemented by engraving
longitudinal grooves into the clear concrete covers (30 mm) of the bottom and sides surfaces;
each groove measures about 1800 mm in length and 18 mm in width and depth, corresponding
to 1.5 times the diameter of the GFRP bar, followed ACI-440.2R (ACI, 2017). The grooving
and mounting of the GFRP bars process started with marking the grooves' locations; an angle
grinder/cutting machine equipped with a 180 mm marbles' cutting wheel was utilized to make
a couple of longitudinal parallel cuts based on the specified depth and width of grooves; a
hammer and chisel were used to remove the concrete in between; the grooves were washed by
a high-pressure water jet and dried by an air blower; mixing and the application of epoxy were
according to the manufacturer's instructions; half of each groove depth was roughly filled with
the epoxy paste, and then the GFRP bar was gently pushed in after cleaning with a dry piece of
fabric to get rid of dust, if any. Finally, the surplus epoxy was eliminated, and complete epoxy
coverage of all bars was guaranteed. At last, specimens were ready for performance

investigation tests after seven days of curing.

2.4. Test setup and instrumentation

All specimens in this experiment underwent flexural testing in a four-point configuration
utilizing a 2000 kN testing machine. Two digital dial gauges (50 mm range—0.01 mm
resolution) were installed on magnetic-base stands beneath each beam for deflection
measurements; the primary gauge was positioned at the mid-span of the specimen, while the
secondary gauge was located at the quarter. The load application was at a rate of 5 kN, and all
test data were manually recorded. The first cracks and load values were marked in red, while
subsequent cracks were marked in black or dark blue; a crack meter was utilized to measure the
crack widths of less than one millimeter, and the digital vernier caliper was used for wider

cracks. Fig. 3 illustrates the schematic of the four-point bending test.
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Fig. 2b. NSM technique grooves measurements.
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Fig. 3. Test setup

3. RESULTS AND DISCUSSION

The obtained outcomes for the CB exhibited a cracking load of 25 kN and an ultimate deflection
of 33.7 mm under a maximum load capacity of 100 kN. The beams (BR45-1B, a, BR45-18S, a,
BR45-2B, a, BR45-2S, a) and (BRS85-1B, a, BR85-1S, a, BR85-2B, a, BR85-2S, a)
demonstrated an identical decrement percentage (60%) with a cracking load (10 kN) compared

to CB. At the same time, the beams (BR45-1B2S, a, and BR45-2B1S, a) behaved differently
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with reduction percentages of (20% and 0%), which corresponded to cracking loads of (20 and
25 kN), respectively. In contrast, the beams (BR85-1B2S, a, and BR85-2B1S, a) showed similar
behavior with a reduction of 40% and cracking loads of 15 kN. Generally, the observed
reductions in the cracking load of both groups of pre-cracked beams compared to the CB
cracking load might be attributed to the unintentionally of epoxy’s infiltration into some pre-
existing cracks and partially remediated and were prematurely fractured during the reloading
process; this opinion was reinforced by the diminishing reduction percentages with the increase
in the number of bars to three bars (i.e., more epoxy infiltration: more cracks remediation),
particularly in the three bars hybrid configurations with two bottom bars where the cracks are
more numerous and wider. The CB displayed a cracking deflection of 0.91 mm, while the other
twelve beams demonstrated lesser percentages ranging from 4.4% to 41.8%, except for BR45-
1B2S, a, and BR45-2B1S, a, which showed increases of 37.4% and 29.7%, respectively.
Regarding the ultimate capacity and deflection of specimens considering CB values, all beams'
loading capacity has significantly increased due to the retrofitting technique and recorded
increments between 35% and 101%, respectively. Nevertheless, despite the beams subjected to
85% CB's Pu experienced greater damage than those preloaded with 45% CB's Pu, they
exhibited relatively slight increases in ultimate loads (ranging from 7 to 16 kN) compared to
those exposed to lower preloading percentages. The greater damage may seemingly have
stimulated more effective activation of the retrofitting technique by an earlier involvement of
GFRP bars in load resistance during the post-retrofitting stage due to an internal redistribution
of stresses, particularly after exceeding the elastic limit. Conversely, the 45% preloaded beams
stayed within the linear elastic range with less GFRP contribution efficiency, alongside a
potential engagement of epoxy filling many deep and wide cracks that pre-existed in the most
severely damaged beams, which partially restored the pre-damaged areas' strength. At the same
time, most invisible microcracks in the less damaged beams remained untreated by epoxy due
to their size, resulting in lower or minimal enhancement. For the maximum deflection, the
twelve specimens varied between a 34.9% decrement and a 3.6% increment. The beams (BR45-
1B2S, aand BR85-1B2S, a) have almost the same behavior, with the best ultimate load capacity
increase (101% and 100%, respectively); furthermore, each has the third-highest mid-span
deflection within its group (25.5 mm and 31.8 mm), respectively, which is very close to the
deflection of CB, giving a notable alerting sign for the building's occupants; see details in
Table3. Moreover, the failure mode was mainly GFRP-Epoxy debonding except for BR45-2S,
a and BR85-2S, a was accompanied by concrete cover separation. In addition, ductility ratio,

toughness, and stiffness values varied between (55.75% and 73.8% reduction), (15.95%
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decrement and 31.96% increment), and (2.36% and 47.83% decrement), respectively, as shown
in Table 4.

Table 3. Specimen's groups' results with percentage variations

Cracking Cracking Ultimate Ultimate
Group | Specimens ID Load % | Deflection % Load % | Deflection %
(kN) (mm) (kN) (mm)

Control CB 25 - 0.91 - 100 - 33.7 -
BR45-1B, a 10 -60 0.65 -28.6 149 49 25.4 -24.5
BR45-2B, a 10 -60 0.60 -34.1 177 77 22.9 -31.9

G1 BR45-18S, a 10 -60 0.65 -28.6 140 40 30.9 -8.1
BR45-28S, a 10 -60 0.53 -41.8 170 70 30.5 -9.4
BR45-1B2S, a 20 -20 1.25 37.4 201 101 25.5 -24.2
BR45-2B1S, a 25 0 1.18 29.7 192 92 21.9 -34.9
BR&85-1B, a 10 -60 0.57 -37.4 165 65 34.0 1.1
BR85-2B, a 10 -60 0.63 -30.8 185 85 27.0 -19.9

& BR85-18S, a 10 -60 0.72 -20.9 135 35 30.0 -10.8
BR&5-28S, a 10 -60 0.65 -28.6 180 80 34.9 3.6
BR85-1B2S, a 15 -40 0.84 -1.7 200 100 31.8 -5.5
BR85-2BIS, a 15 -40 0.87 -4.4 199 99 29.1 -13.6

Table 4. Ductility, toughness, and stiffness results with percentage variations

Group | Specimens ID Dll;zt:;:)ty % T(()l':l%l.lzsss % (Sktll\lf/f;is) %
Control CB 4.17 - 2.83 - 12.40 -
BR45-1B, a 1.59 -61.93 2.62 -1.47 9.41 -24.09
BR45-2B, a 1.51 -63.76 2.74 -3.35 11.79 -4.89
Group | BR45-18S, a 1.84 -55.89 3.19 12.83 8.37 -32.46
BR45-28S, a 1.67 -60.06 3.72 31.25 9.32 -24.79
BR45-1B2S, a 1.39 -66.68 3.37 18.90 11.04 -10.94
BR45-2B1S, a 1.38 -66.96 2.76 -2.59 12.10 -2.36
BR85-1B, a 1.31 -68.58 3.42 20.74 6.93 -44.11
BR85-2B, a 1.14 -72.76 2.74 -3.10 8.82 -28.87
BR85-18S, a 1.30 -68.82 2.38 -15.95 6.47 -47.83
Group 2
BR85-2S, a 1.23 -70.54 3.74 31.96 6.93 -44.07
BR85-1B2S, a 1.16 -72.26 3.62 28.02 8.06 -34.95
BR85-2B1S, a 1.09 -73.80 3.16 11.72 8.40 -32.23

The load-deflection curve of CB in Fig. 4a started with a vertical linear segment, which
indicated the elastic response that reflected the beam stiffness and the ability to resist
deformation under low to moderate loads. With the load increase, the behavior moved to
nonlinearity, and deflection increased, which referred to transitioning to plastic deformation
that marked a decrease in stiffness due to the yielding phase. Hence, the maximum load
sustaining the beam was 100 kN, corresponding to 33.8 mm of ultimate deflection. In the end,
the curve flattened and showed behavior where the beam experienced a progressive deflection

under a nearly steady load; this indicates a ductile failure mechanism. In addition, the CB
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remaining deflection value after loading release was 23.73 mm. Fig. 4 b also shows the control

beam's yield point deflection.

LOAD - DEFLECTION CURVE LOAD - DEFLECTION CURVE
BEAM CONTROL BEAM CONTROL

100, 33.8

LOAD [kN)
LOAD (kN)

0,23.73) /

15 20 25 3 10 15 20
DEFLECTION (mm) DEFLECTION (mm)

Fig. 4. (a) Load-deflection curve and (b) Yield-point of CB

Group One load-deflection curves in Figs. 5a & 5c¢ described the structural behavior of beams
retrofitted with various configurations compared to the CB that provided the benchmark for
evaluating the performance optimization in the retrofitted specimens; however, the retrofitted
beams showed significantly enhanced load-carrying capacities. Where the specimens (BR45-
1B, a) and (BR45-2B, a) reflected an average enhancement in strength and reached (149 kN
and 177 kN) as an ultimate load with deflections (25.42 mm and 22.92 mm, respectively), the
specimen (BR45-2B1S, a) showed (192 kN) as its maximum load with a deflection of (21.93)
mm that exhibited a significant increase in strength and stiffness. The specimen (BR45-1B2S,
a) notably achieved the highest load-bearing capacity of 201 kN with a deflection of 25.53 mm,
indicating the effectiveness of this retrofitting arrangement (numbers and locations of GFRP
bars). The curves diagram disclosed that retrofitting techniques significantly increased the
stiffness and loading capacity, while ductility altered depending on the retrofitting percentage
and arrangement. Beams with more bars tend to show reduced deflections at ultimate load,
which reflects a stiffer and less ductile behavior. Figs. 5b & 5d represent the load-crack width
relationships for group one together with CB, where the initial behavior of all specimens
exhibited a linear load increase with minimal crack width, which indicated an elastic mode and
then moved to nonlinearity sets due to cracks' propagation; however, the specimens' actions
varied and showed the influence of retrofitting arrangements on the performance, where all
beams demonstrated narrower cracks with higher load capacity compared to CB. The beam
(BR45-1B, a) displayed the highest crack width (3.53 mm) among the group beams at a load
capacity equal to 149 kN, following a steady decline in load resistance as the crack widened
further. The specimen (BR45-1B2S, a) showed a moderate crack width (1.18 mm) compared to
the other specimens of its group. At the same time, the behaviors of specimens (BR45-2B1S,
a) and (BR45-2B, a) were also marginally similar, where they showed the lowest crack widths

(0.47 mm and 0.83 mm), respectively.
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Fig. 5. (c) Load-deflection curves and (d) Load-crack width curves of G1 after retrofitting
Group Two load-deflection curves in Figs. 6a & 6¢ delineated the structural behavior of
retrofitted beams with identical configurations to group one specimens compared to CB, where
significant enhancements were observed in the retrofitted beams' load-carrying capacities and
ductility mechanisms. Furthermore, the initial part of each curve displayed a linear elastic
behavior, and with an increment of deflection, the nonlinearity emerged that corresponded to
the initiation and propagation of cracks. The specimen (BR85-1B2S, a) achieved the highest
load-bearing capacity (200 kN) at (31.83 mm) a mid-span deflection. Specimen (BR85-2BIS,
a) was closely following, with an ultimate load (199 kN) at (29.11 mm) deflection. On the other
hand, the specimen (BR85-18, a) displayed the lowest ultimate load (135 kN) and (30.04 mm)
mid-span deflection. The results highlight retrofitting arrangements' effect on flexural behavior,
where the retrofitted beams (BR85-1B2S, a) and (BR85-2B1S, a) significantly enhanced load-
bearing capacity and ductility, and emphasize the importance of tailored retrofitting techniques
for optimal structural performance under flexural loads. Figs. 6b & 6d illustrate the load-crack
width relationships for group two jointly with the CB, where specimens demonstrated
equivalent initial linearity and nonlinearity behaviors to group one; however, all beams showed
slimmer cracks with higher load capacity than CB, which were identical to the case of group
one as well. The (BR85-1B2S, a) specimen indicated the highest ultimate load (200 kN) with a
crack width (1.26 mm), followed by the specimen (BR85-2B1S, a) with a 199 kN ultimate load

and a 1.13 mm crack width. In addition, specimen (BR85-18S, a) had the minimal load capacity
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among the group specimens with a moderate crack width (1.28 mm), and (BR85-1B, a)
exhibited a large crack width (3.7 mm) at moderate ultimate capacity (165 kN). These results
highlighted the implications of the retrofitting technique and its bars' arrangements to
significantly enhance beam performance by resisting crack propagation and maintaining load-

carrying capacity, making them more reliable for practical applications.
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The cracking pattern of group one Fig. 7 demonstrated a localized and less uniform cracking
distribution; (BR45-1B, a), (BR45-18S, a), (BR45-2B, a), and (BR45-2S, a) mainly developed
vertical flexural cracks at mid-span, while some diagonal cracks exhibited near supports in
addition to flexural vertical cracks. The inclined cracks in specimens with more retrofitting bars

(BR45-2B1S, a) show greater resistance to brittle failure.
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Fig.7. Cracks pattern of group one
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The' cracking pattern in group two Fig. 8 shows a better uniform and extensive cracking
distribution than in group one, where the vertical flexural cracks are deeper and more evenly
distributed in beams such as (BR85-1B, a) and (BR85-18, a). In (BR85-2B, a) and (BR85-2S,
a), the inclined cracks propagated toward supports, and their interaction with vertical flexural
cracks is denoted balanced crack control. Beams like (BR85-2B1S, a) showed extensive
diagonal cracking near supports, reflecting high ductility and energy absorption capacity.
Hence, the superior cracking pattern in group two highlighted the effectiveness of enhanced

retrofitting techniques in achieving improved crack control and structural efficiency.

i: < ,amzwm-«w%z?i&'!&%%: —
L S TP T :
Fig. 8. Cracks pattern of group two

4. PARAMETRIC STUDY
4.1. Number of NSM-GFRP bars effect

The number of GFRP bars used in this research varied between one, two, and three, and this
variety had an effect that will be explored as follows:

The comparison of the beam equipped with one bar (BR45-1B, a) and the beam retrofitted with
two bars (BR45-2B, a) revealed no influence (0%) in terms of cracking load, while a substantial
impact was exhibited (150% increment) with the beam of three bars (BR45-2B1S, a). For
cracking deflection, the effect was very slight (7.7% decrement) when using two bars, then
jumped to (81.5% increment) for the beams with three bars. Furthermore, the ultimate load-
bearing capacity improved with the number of bars increasing; it recorded an 18.8% increment
with the two-bar beam and a 28.9% increment with the three-bar beam. At the same time, the
ultimate deflection demonstrated a general reduction with the increase of bar numbers (9.8%
decrement) for the beam with two bars and (13.7% decrement) for the beam with three bars.
While the assessment of the test results for the beam (BR85-1B, a) and (BR85-2B, a) showed
no influence (0%) on the cracking load as well; nevertheless, an enhancement of 50% was noted
in (BR85-2B18S, a). The effect on cracking deflection was around a 10.5% increase when using
two bars, which escalated to 52.6% for a beam that included three bars. The maximum load-

bearing capacity generally improved by increasing the number of bars, where a 12.1%
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enhancement was demonstrated in the beam with two bars, and a 20.6% increase in the three
bars beam. Meanwhile, the maximum mid-span deflection demonstrated an overall decrease
corresponding to the increase in the number of bars, reflecting a 20.8% lower for the beam with
two bars and a 14.5% decrease for the beam with three bars.

The test findings of (BR45-18, a) against (BR45-2S, a) indicated no effect on the cracking load,
whereas a major improvement (100% increase) was seen in the beam (BR45-1B2S, a). The
impact on cracking deflection was about an 18.5% reduction when utilizing two bars, which
subsequently escalated to 92.3% for beams with three bars. The ultimate load-bearing capacity
was enhanced with the increase in bars, exhibiting an approximate 21.4% increase with the two-
bar beam and a 43.6% increase with the three-bar beam. Simultaneously, the final deflection
displayed a general decline with the increment of bars, showing a 1.4% reduction for the beam
with two bars and a 17.5% reduction for the beam with three bars. Similarly, the evaluation of
the test outcomes for the beam (BR85-1S, a) and (BR85-2S, a) showed no effect (0%) on
cracking load; likewise, nonetheless, an improvement (50% increase) was observed in the beam
(BR85-1B2S, a). The influence on cracking deflection was minimal, with about a 9.7% decrease
when employing two bars, which then rose to 16.7% for a beam with three bars. The ultimate
load-bearing capacity was enhanced with the increase in bars, showing a 33.3% improvement
with the two-bar beam and a 48.1% increase with the three-bar beam. Uniquely, the ultimate
deflection indicated an overall increase with the increment of bars, showing a 16.1% increase
for the beam with two bars and a 6% increment for the beam with three bars; this behavior
might be referred to the high initial load (85% of CB's Pu) applied on the beam, which led to a
higher number of deep cracks that made the beam weak. Fig. 9 shows the load-deflection curves
compared depending on the number of bars per beam for both groups, where all curves started
from the point of average released deflections for each group before retrofitting for more
accuracy.

4.2.  Location effect of NSM-GFRP bars

Bars' placement location at the specimen's bottom or the lower part of the side(s) in the tension
zone is another factor that will be assessed in this study. Where analyzed the test outcomes for
the compared pairs (BR45-1B, a) with (BR45-18, a), (BR85-1B, a) with (BR85-1S, a), (BR45-
2B, a) with (BR45-28S, a), (BR85-2B, a) with (BR85-28, a), and (BR85-1B2S, a) with (BR85-
2BIS, a) indicated zero effect on the cracking load except (BR45-2B1S, a) and (BR45-1B2S,
a) revealed a reduction of about 20% in cracking load; however, the beam (BR45-2BIS, a)
showed the highest cracking load (25 kN) among both groups' beams and, at the same time,

was identically equal to the CB cracking load. The cracking deflection generally demonstrated
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small values; nevertheless, the pair (BR45-1B, a) and (BR45-1S, a) had no mention effect in
addition to the beams (BR85-2B, a) with (BR85-28S, a) and (BR85-2B1S, a) with (BR85-1B2S,
a) being almost with close values (3.2% increment & 3.4% decrement), which can be
considered as well with no influence of bars' positions variety, the specimen (BR85-1B, a)
showed about (26.3%) less cracking deflection compared to (BR85-1S, a), and (BR45-2B, a)
was (13.2%) higher deflection than (BR45-2S, a). In contrast, the beam (BR45-1B2S, a) had
the highest cracking deflection value (1.25 mm) among both groups' beams but exhibited about
a 5.9% difference compared to (BR45-2B1S, a). in addition, the ultimate load-bearing capacity
of the following compared beams (BR45-1B, a) with (BR45-18, a), (BR85-1B, a) with (BR85-
1S, a), (BR45-2B, a) with (BR45-2S, a), (BR85-2B, a) with (BR85-28, a), (BR45-2B1S, a) with
(BR45-1B2S, a) and (BR85-2B1S, a) with (BR85-1B2S, a) mostly witnessed minor variations
due to altering bars' locations (-6%, -18.2%, -4%, -2.7%, 4.7%, and 0.5%) respectively,
regardless of the substantial improvement in ultimate capacity compared with the CB value. On
top of that, the changes in the NSM-GFRP bars' positions of the same previously compared
pairs demonstrated the following differences in maximum deflection (21.7%, -11.8%, 33.1%,
29.4%, 16.4%, and 9.3%), respectively; nonetheless, the bottom bar(s) were reducing the
deflection compared to side(s) bars, except for the beams (BR85-1B, a) and (BR85-1B2S, a).
Fig. 10 shows the load-deflection curves compared depending on the placement locations of
bars for both groups, noting that the curves started from the point of average released deflections

for each group before repairing.
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Fig. 10. Load-deflection curves comparison based on bars locations for both groups
.
4.3. Retrofitting type effect

The effect of retrofitting type on cracking load of the compared pairs (BR45-1B, a) and (BR85-
1B, a), (BR45-18S, a) and (BR85-18, a), (BR45-2B, a) and (BR85-2B, a), as well as (BR45-28S,
a) and (BR85-28S, a) was zero percent. Whereas the pairs (BR45-1B2S, a) and (BR85-1B2S, a)
along with (BR45-2B1S, a) and (BR85-2B18S, a) exhibited variations of approximately (-25%
and -40%), respectively, which means the 45% of CB's Pu retrofitting type showed a positive
effect in the beams with a three-bars arrangement that allowed keeping the cracking load close
to or equal to the value of CB. For cracking deflection, the influence of loading level alteration
of the same beams' pairs yielded the respective percentages (-12.3%, 10.8%, 5%, 22.6%, -
32.8%, -26.3%). Furthermore, at 45% of CB's Pu retrofitting type, it was noticed that the two
minimum cracking deflections were recorded for the beams with only two GFRP bars, while at
85% of CB's Pu, it was seen in the beams with single or double GFRP bars at the bottom only.
However, the effect of retrofitting was obvious at 85% of CB's Pu, where the beams with three
bars witnessed less deflection than their counterparts at 45% of CB's Pu type. Concerning the
ultimate loading, the effect of loading variety on the same ordered group of pairs yielded values
of 10.7%, -3.6%, 4.5%, 5.9%, -0.5%, and 3.6%, respectively; the retrofitting at 85% of CB's Pu
almost had the higher improvement effect on the ultimate load. In addition, the influence on the

maximum deflection of the same group of analyzed pairs was generally higher at 85% of CB's
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Pu across all pairs (33.9%, -2.9%, 17.7%, 14.4%, 24.7%, and 32.7%), except for beams
incorporating a single GFRP bar at the side that showed an opposite minor variation (3%) at

45% of CB's Pu. Fig. 11 shows the Load-Deflection Curves for retrofitting types.
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Fig. 11. Load-deflection curves comparison based on group retrofitting type.

5. CONCLUSION

1. Generally, the ultimate bearing capacities of beams retrofitted with GFRP bars witnessed a
notable enhancement ranging from 35% to 101%.

2. The effects of changing bar(s) locations from (1S to 1B, 2S to 2B, and 2B1S to 1B2S) were
generally enhancements for group one (6.4%, 4.1%, and 4.7%) and group two (22.2%, 2.8%,
and 0.5%), respectively while the deflections of both groups were (-17%, -24.9%, 16.4%,
13.3%, -22.7%, and 9.3%).

3. The effect of increasing the bar's number on ultimate load enhancement was more noticeable
in the bottom bars of group one (18.8% & 28.9%), while in group two, it was in the side(s)
bars (33.3% & 48.1%). In contrast, ultimate deflections increased only in group two's side(s)
bars (16.1% & 6%).

4. Toughness increments were between 11.72% and 31.96%.

5. The decrements in stiffness were between 2.36% and 47.83%, while the decreases in

ductility were 55.89%-73.8%.
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6. Significant improvements were recorded in cracking load between 50% and 150% when
increasing the bars from one to three, while increasing the bars from one to two had no effect.
7. Deflections at the loading release case were 0.48 mm for group one and 5.06 mm for group

two.
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