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 EXPERIMENTAL AND ANALYTICAL STUDY ON STRUCTURAL BEHAVIOUR OF RC BEAMS RETROFITTED WITH A HYBRID SYSTEM OF CFRP, GFRP, MAS PLATES, AND CONCRETE JACKETING



Abstract 
This study examines the flexural performance of reinforced concrete (RC) beams retrofitted with a first-time hybrid system comprising CFRP laminates, GFRP bars, mechanical anchorage plates, and concrete jacketing. Although similar retrofitting methods are increasingly adopted, detailed analyses in line with BS code provisions remain limited. The research addresses this gap through four-point bending tests, examining crack behaviour, failure modes, load–deflection behaviour, and comparisons between experimental results and analytical predictions based on BS code provisions. Five beams were used as controls and five beams used as the retrofitted beams. Beams A, B, C, and D shared a concrete compressive strength of 37.03 MPa, whereas beam E has a strength of 26.77 MPa. Tension reinforcement was varied between two 12 mm diameter bottom bars and three 12 mm bars. The ratio of the retrofitted beam to the unretrofitted beam ultimate loads were recorded as 140 %, 158 %, 154 %, 144 %, and 146 % for the beams A, B, C, D, and E respectively, indicating a significant increase as a result of the strengthening. A novel formula for estimating the flexural moment capacity of this first-time hybrid retrofitted beam is proposed and validated against experimental and analytical results. This novel combination of the hybrid retrofitting system significantly increased the flexural moment of the RC beam. The mean ratio of experimental to analytical moments is 0.94, with a variance of 0.00541, indicating strong agreement. The proposed novel hybrid retrofitting system and novel formula demonstrate high accuracy to the experimental results which helps to pre-empt the experimental moments before they are conducted. Also, the novel formula is suitable for application to beams with similar hybrid retrofitting configurations to significantly strengthen the flexural moment capacity of the RC beams.
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1. Introduction
Reinforced concrete is a versatile material that has variety of uses in the construction industry. It can be moulded into different shapes and when correct detailing is adhered to, major cracks can be mitigated. The problem with plain concrete is the development and formation of tensile cracks beyond the neutral axis from the extreme fibres of the tensile region, that is where the reinforcement comes in to have the tensile stresses effectively transferred to. During revisions of structural design codes, structures are reviewed and, in some cases, retrofitting or strengthening is needed to bring back the structures to a more enhanced strength. Also, strengthening is needed when an existing structure is fatigued and has exceeded the design life, as such can no longer be structurally fit. Furthermore, structures are strengthened when they need to be upgraded for instance adding more floors to the existing. In this case, the members need to be strengthened to be able to support the additional floors introduced. 
The introduction of the retrofitting elements is essential to improve upon the tensile capabilities of the reinforced concrete (RC) beam. The glass fibre reinforced polymer (GFRP) bar is not susceptible to corrode and is very strong in tension. The carbon fibre reinforced polymer (CFRP) laminate is a thin material that is used for strengthening RC beams, columns, bridge girders and the advantage of this material is its lightweight and high strength. Also its high resistance to corrosion makes it environmentally friendly (Singh et al., 2023; Solahuddin & Yahaya, 2023). The retrofitting layer is essential in improving the resistance to crack formation. 
Liu et al. (2023a) researched into the flexural performance of RC beams strengthened with CFRP and engineered cementitious composites (ECC), arriving at the conclusion that combining the CFRP with the ECC improves ductility, toughness, and reduces the propagation of cracks. The combined effect of the RC concrete and ECC with regards to the flexural strength of the hybrid beam is 89.23 % at the initial crack load and 42.73 % at the peak load (Zhang et al., 2023). CFRP laminates increase the durability and design life of RC beams, resisting corrosion and when applied well, the performance is optimized bringing about a good interaction of the concrete and the CFRP  (Douier et al., 2023). Another technique which utilized the CFRP ropes as transverse reinforcement improved the flexural performance of deep beams (Chalioris et al., 2018) and slender beams (Nikoloutsopoulos et al., 2023). In other research works, two beams in which strengthening with steel bars and CFRP bars but without concrete jacketing produced a minor increase (9%) in flexural capacity, but two other beams that were strengthened with CFRP bars demonstrated substantial improvements of 97.6% and 133% due to the inclusion of concrete jacketing and mechanical anchorage systems (MAS) (Alkhateeb & Hejazi, 2022). The use of CFRP bars significantly increased flexural bearing capacities by 127.83% (lapped bars) and 169.36% (continuous bars) compared to unreinforced beams (Sun et al., 2023a). The ultimate load of the geopolymer concrete (GPC) beam increased by 23% compared to the RC beam. Strengthening with CFRP strips led to increases of 57%, 69%, and 79% for the respective strengthened beams (Eisa et al., 2023). Basalt FRP (BFRP) and CFRP strips effectively enhance the ultimate capacity of the reinforced concrete beams. However, BFRP strips, despite their lower stiffness, led to more significant deformation under the same load compared to CFRP strips, resulting in a lower maximum load capacity (Grzesiak et al., 2023).
In terms of durability and long term performance, the CFRP tendons when used in concrete beams cast with recycled aggregates maintained the structural integrity over longer periods with small degradation, enhancing the longevity of the beams  ( Liu et al., 2023b). Zhu et al. (2023) employed an electrochemical impedance for evaluating the bond integrity existing between the concrete and CFRP which easily identified the potential failures and brought about timely interventions to curb the long-term damage to RC beams (Zhu et al., 2023). The stiffness of the beams strengthened with CFRP and ECC was improved by a maximum of 47.3 % for the specimens tested (Liu et al., 2023a).
In the aspect of shear strengthening, Nawaz et al. (2023) used CFRP stirrups in increasing the shear strength of the concrete beams, also emphasizing on optimal configuration to enhance strength. Medeiros da Costa et al.(2023) utilized the near surface mounted (NSM) CFRP laminates in fire damaged beams thereby restoring their shear strengths (Medeiros da Costa et al., 2023). The presence of web openings reduces the shear strength of beams significantly, Kumari and Nayak (2021) concluded that a reduction in shear strength of un-strengthened beams with web openings by up to 72% is realized when compared to solid beams. Also, the researchers studied beams strengthened with both externally bonded glass fiber reinforced polymer (EB-GFRP) fabrics and gas actuated fasteners (GAF) and showed a substantial improvement in shear strength compared to their un-strengthened beams, even as the opening size was increased. Elghandour et al. (2023) researched into shear capacity of T-section beams and found them to be greater than that of R-section beams, particularly at different shear span-to-depth ratios (a/d), for shear span ratios less than 2.5, the shear capacity of T-section beams exceeded that of R-section beams by up to 25%. Abed & Al-Sulayfani (2023) compared circular and square openings and found that beams with square openings exhibited greater strength reductions compared to those with circular openings of similar sizes (Abed & Al-Sulayfani, 2023). Hasan et al. (2023) concluded that cutting the bottom arm of stirrups significantly reduced the shear capacity of RC beams. The maximum load for beams with deficient stirrups (cut stirrups) was found to be substantially lower, approximately 15.8% less than that of beams with normal stirrups (Hasan et al., 2023). 
 In specimens with ultra-high ductile concrete (UHDC) in the tension zone, multiple narrow cracks developed rather than wide concentrated cracks, indicating better ductility and deformation capacity of the UHDC compared to ordinary concrete (Sun et al., 2023b). Basalt FRP (BFRP) reinforced ECC beams exhibited greater ductility and superior crack control compared to reinforced concrete beams by quantifying the extent to which ECC mitigates crack development and enhances ductility (Cai et al., 2017).  Al-Rousan (2023) documented increased cracking intensity and severity with higher temperatures forming thermal cracks as temperatures rose. Kankam’s (2003) demonstrated that reinforced concrete beams that had been initially stressed with bolted end plates  exhibited complete crack closure upon the removal of applied loads, indicating that the initial compressive stresses induced in the concrete effectively managed the tensile stresses generated during loading. In contrast, the unstressed control beams had cracks that remained open throughout the cyclic loading process, demonstrating a lack of effective control over tensile stresses during loading cycles (Kankam, 2003). Liu et al. (2023b) researched into the effect of recycled aggregate concrete (RAC) replacement ratio on prestress loss and found that it is relatively minor, with an increase from 0% to 50% resulting in only a 10% or 17% rise in prestress loss (Liu et al., 2023b).
Wu et al.(2023) researched effective bonding strategies between concrete and GFRP as critical for good performance of the retrofitting layer. The bond behaviour of FRP composites attached to concrete substrates using the externally bond reinforcement on grooves (EBROG) method was influenced by the concrete strength, groove number and dimensions, environmental conditions (temperature, humidity), type of adhesives used, bond length and type of loading (monotonic or dynamic) (Sanginabadi et al., 2022). 
The varying structure of fibrous composites makes them difficult to machine consistently. The material properties vary based on the fibre orientation and distribution, leading to unpredictable behavior during drilling (Geier et al., 2023). During drilling, the individual fibers may break or pull out, leading to additional surface imperfections and a decrease in the mechanical integrity of the composite material (Jagadeesh et al., 2023). Ze et al. (2023) researched into exploration of non-conventional drilling methods such as high-speed drilling, electrical discharge machining, laser machining, and vibration-assisted drilling which yielded better results in terms of minimizing drilling-induced damages. A group of researchers conducted extensive reviews on the application of CFRP composites in structural elements, examining key performance parameters such as fatigue behavior, corrosion resistance, stiffness, strength, and temperature effects (Vijayan et al., 2023). 
In this study, the strengthening of  reinforced concrete beam is done with a hybrid retrofitting system comprising: GFRP bar, CFRP laminate, MAS plates with expandable anchorage bolts, and concrete jacketing. This is a novel combination that has not been carried out previously. Previous works done by other researchers have used some of these retrofitting elements but not all of them. The effects of the flexural behaviour of using these hybrid retrofitting elements on some failure modes, crack analysis, and the load-deflection curves of the reinforced concrete beams are analysed. The experimental first crack and failure loads of both the unretrofitted and hybrid retrofitted beams are analysed with the theoretical loads form the provisions of the BS 8110 code of practice. A new formula for estimating the flexural moment capacity of the hybrid retrofitted beam is proposed and validated by both experimental and analytical results.

2. Methodology 
2.1.  Materials and Methods
2.1.1 Retrofitting materials
2.1.1.1 CFRP
The CFRP is a composite material comprising carbon fibres and plastic. The material is an essential component in the retrofitting layer. The material is generally lightweight, has high strength, and has high resistance to corrosion (Liu et al., 2020). The tensile strength of the CFRP laminate is 738.1 N/mm2 from the manufacturer but an effective strength is used in the formula derivation based on some assumptions. 

2.1.1.2 GFRP
The GFRP bar is also a composite material made from glass fibres and plastic. The bar is lightweight, does not corrode, and is highly resistant to electric conduction when compared to steel reinforcement. It can be rolled into coils and transported relatively easier than the bulky nature of steel. The GFRP fails generally by rupturing and delamination of the fibre strands (Boateng et al., 2024). Delamination is also observed in impact scenarios and can significantly reduce the fatigue life of GFRP composites. Delamination represents a prevalent failure mechanism in Glass Fiber Reinforced Polymer (GFRP), primarily attributed to the material's heterogeneous composition and the existence of voids. This failure mode can be triggered by manufacturing and processing operations, such as drilling, which induce defects that may propagate under cyclic loading conditions (Beigi et al., 2024; Vieira et al., 2018). The tensile strength of the GFRP used for this research from the manufacturer is 900 N/mm2 (Boateng et al., 2024). Also, an effective strength is used in the derivation of the formula.

2.1.2 Description of beams
Ten beams were cast in which five were reinforced concrete beams to serve as control and the remaining five were hybrid retrofitted beams. The control beams in which the concrete  compressive strength was 37.03 MPa for beams A to D and 26.77 MPa for beam E are presented in Table 1. The hybrid retrofitted beams are described in the Table 2. The material strengths for the steel reinforcement in tension and compression are both 250 N/mm2. 
[bookmark: _Ref192820307]Table 1 Description of control beams
	Control Beam id
	Overall depth, h
	Effective depth, d
	Span to effective depth ratio, L/d
	Area of tension steel, As
	Area of compression steel, As'
	Ratio of tension steel, ρ
	Ratio of compression steel, ρ'

	
	mm
	mm
	
	mm2
	mm2
	%
	%

	A1
	225
	204.71
	8.79
	175.83
	94.83
	0.69
	0.37

	B1
	200
	179.71
	10.02
	175.83
	94.83
	0.78
	0.42

	C2
	175
	154.71
	11.63
	175.83
	94.83
	0.91
	0.49

	D1
	200
	179.71
	10.02
	263.74
	94.83
	1.17
	0.42

	E2
	200
	179.71
	10.02
	175.83
	94.83
	0.78
	0.42


[bookmark: _Ref192820315]Table 2 Description of hybrid retrofitted beams
	Retrofitted Beam id
	H
	b
	tcfrp
	tcc
	bcfrp
	φgfrp
	Acfrp
	Agfrp
	MAS plates

	
	mm
	mm
	mm
	mm
	mm
	mm
	mm2
	mm2
	no.

	AR02
	225
	125
	0.35
	35
	75
	12.48
	26.25
	122.33
	2

	BR02
	200
	125
	0.35
	35
	75
	12.48
	26.25
	122.33
	2

	CR01
	175
	125
	0.35
	35
	75
	12.48
	26.25
	122.33
	2

	DR02
	200
	125
	0.35
	35
	75
	12.48
	26.25
	122.33
	2

	ER03
	200
	125
	0.35
	35
	75
	12.48
	26.25
	122.33
	2



The longitudinal section of the unretrofitted beam is given in Fig. 1 a) where top and bottom reinforcements consisted of nominal 10 mm and 12 mm bars respectively, and shear stirrups were from 8 mm bars. The stirrups spacing was 200 mm and the cover to reinforcement was 15 mm. The effective span of beam was 2000 mm. The transverse cross-sections used for the unretrofitted beams are shown in  Fig. 1 where Fig. 1 b) is for the beams, A1, B1, C2, and E2, whilst the Fig. 1 c) is for the beam D1. 
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a) Longitudinal section of beam
          [image: ]
[bookmark: _Ref192820336]     b) 2 bottom rebars (beams A1, B1, C2, E2)     c) 3 bottom rebars (beam D1)
[bookmark: _Ref206249461]Fig. 1  Longitudinal and cross-sectional details of unretrofitted reinforced concrete beam

Five beams were prepared for the retrofitted layer to be applied on the day of testing of the unretrofitted beams. CFRP laminates of 0.35mm thickness were cut to a width of 75mm. One layer or ply of laminate was applied for each of the 5 beams that were retrofitted.

2.2 Testing of beams
The loading scheme configuration is illustrated in Fig. 2 where the four-point flexural test was employed. The hydraulic load actuator was lowered onto a rigid steel spreader beam which rested on two load points on the beam. A digital dial gauge was tarred and fixed in the stand which was then positioned centrally beneath the soffit of the beam to record deflections.

[image: ]

[image: ]      [image: ]
[bookmark: _Ref192818652][bookmark: _Ref192818622]Fig. 2 Test setup

The cross-section of the hybrid retrofitted beam is shown in the Fig. 2. The figure shows the unretrofitted beam and the concrete that covers the retrofitted layer, which is the concrete jacket. The cross-section reveals the CFRP laminate, MAS plates, GFRP bar, and the expandable bolts.

2.3 Preparation of beams
The epoxy resin was mixed according to the specified proportion of 2:1 (epoxy: hardener). The mixture was complete for application on the beam substrate when a uniform colouration was achieved (Fig. 3a). The well-mixed epoxy resin was then applied on the soffit of the beam, after which the CFRP laminate was attached. A roller was used to press the laminate firmly in position to eliminate any air pockets that might be present between the interface of the laminate and the epoxy resin. Natural fibres (Fig. 3b) were used to cast the 
 
       [image: ]   [image: ]
         a) Mixing of epoxy resin	        b) Natural fibres
[bookmark: _Ref192820987]           		   [image: ]   [image: ]
	    	  c) Drilling of beams		       d) Expandable bolts
[bookmark: _Ref206254257][bookmark: _Ref206254236]Fig. 3 Preparing the retrofitted layer
concrete jacketing  to enhance the tensile capabilities of the concrete cast. The fibre volume fraction was 2 %. The MAS plates were connected to the beam substrate by means of attaching expandable bolts to them and this was achieved by drilling with the help of the power drill machine as shown in Fig. 3c. The M8 expandable bolt used in the study are shown in Fig. 3d. After the holes were drilled, 2 split halves of the MAS plates of 10 mm thickness each were placed on the beam to align with the drilled holes, making a total of 20 mm in thickness of the MAS plates.

Fig. 4 a) shows the retrofitted beam that has the MAS plates with the expandable bolts fixed in position. The GFRP bar was placed in the central groove in the MAS plates in between the 2 halves before the expandable bolts were inserted. The expandable bolts were then tightened with the spanner till the connection was tightly fixed. The concrete jacketing was then cast onto the retrofitted elements. The concrete jacketing was compacted with the aid of the poker vibrator to remove the air pockets from the concrete which was uniformly spread across the retrofitted elements as shown in Fig. 4 b). 

[image: ]   [image: ]
[bookmark: _Ref192821059]                       a) Mas plates assembly     b) Casting of concrete jacketing
[bookmark: _Ref206255324]Fig. 4 Assembly and casting of retrofitted layer

After the concrete jacketing was cast, the formworks were removed the next day, jute sacks placed on the beams and regular watering was carried out daily to cure the beams. The beams were left for the 28 days maturity, and painted white prior to testing. The concrete jacket ensured that the retrofitted elements were not exposed to the environment to induce corrosion,  wear, tear, or abrasion from external sources. Fibres were introduced in the casting of this layer to enhance the tensile capabilities with a fibre volume fraction of 2 %. The retrofitted layer comprised the CFRP laminate which was attached to the RC beam substrate. Two mechanical anchorage system (MAS) plates were used near both ends of the retrofitted beams. The split halves of the MAS plates worked better in the strengthening of RC beams than the solid plates with grooves cut through them (Alkhateeb & Hejazi, 2022), as such the split halves were used in this study. The MAS plates served to firmly grip the GFRP bar in position and then the expandable bolts held the MAS plates in position, fastening the connection. 
During the casting phase, the unretrofitted and retrofitted beams were both cast initially together. The unretrofitted beams were tested and at the same time the retrofitted beams were prepared and waited for the maturity of the concrete jacket for 28 days, after which the retrofitted beams were also tested to failure. 

2.4 Control specimens
Cubes (150 mm x 150 mm x 150 mm), cylinders (150 mm x 300 mm) and prisms (100 mm x 100 mm x 500 mm) were cast to determine the compressive strength, splitting tensile strength and the modulus of rupture of the concrete, respectively. Workability and consistency of the concrete was measured by the slump test which gave a value of approximately 75mm.

3.0 Testing of Materials 
3.1 Sieve Analysis of Aggregates
The aggregates were dried in the oven for 24 hours as shown in Fig. 5 (a). The coarse aggregates were sorted with the quartering device to have a relatively equal amount of sample to be analysed and one part of the sorted samples was used in the sieve analysis Fig. 5 (b).
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a) Oven					   b) Sorting of coarse aggregate
[image: ]  [image: ]
c) Coarse aggregates analysis				     	d) Fine aggregate analysis
[bookmark: _Ref190071075]Fig. 5 Preparation of aggregates for testing

The sieves used for the particle size distribution for the coarse aggregates were: 19 mm, 18 mm, 16 mm, 13.2 mm, 11.2 mm, 9.50 mm, 8.00 mm, 6.70 mm, 5.60 mm, 4.75 mm, and 3.35 mm (Fig. 5c). The total weight of the coarse aggregates was 1.624 kg. The sieve analysis test for the fine aggregates has 15 sieves: 6.700 mm, 4.750 mm, 3.350 mm, 2.800 mm, 2.360 mm, 1.180 mm, 0.600 mm, 0.500 mm, 0.425 mm, 0.355 mm, 0.250 mm, 0.150 mm, 0.106 mm, 0.090 mm, and 0.075 mm (Fig. 5d). The total weight of the fine aggregates is 1 kg. The sieve analysis for the aggregates was in accordance with the standard sieve sizes of  (ISO3310-1, 2000). 
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a) Fine aggregates
[image: ]
b) Coarse aggregates
[bookmark: _Ref192818929]Fig. 6 Fine and coarse aggregates particle size distribution



Fig. 6 a) shows the particle size distribution curve which is a semi-log graph of the fine aggregates and the curve displays a well graded sand. The coefficient of uniformity is 5.377 as shown in Table 3 which is an indication of a well-graded soil which is of the range  and the coefficient of curvature for the fine aggregates has a value of 1.322 which is a well-graded soil of the range .  
The error of the sieve analysis of the coarse aggregates was 0.002 kg which is acceptable. 


The particle size distribution curve of the coarse aggregates as shown in Fig. 6 b), the coefficient of uniformity is 1.229 as shown in Table 3 which indicates that the aggregates are of a single size aggregate particle which is compared to the value of , and the coefficient of curvature is 0.977, which compares to a value of range  indicating a single size sample. The curve for the coarse aggregates shows a sharp ascent as against a gradual ascent in the case of the well-graded curve of the fine aggregates and this hovers around 10 mm which is the nominal size used for the experimental casting of the coarse aggregates. The error margin of the sieve analysis of the fine aggregates was 0.007 kg which is acceptable. 

[bookmark: _Ref192818964]Table 3 Aggregates coefficient of uniformity and curvature
	Coarse aggregates
	Fine aggregates

	Cu
	Cc
	Cu
	Cc

	1.229
	0.977
	5.377
	1.322





4. Analysis and Discussion
4.1 Crack patterns and failure modes of beams
Figures 7 through to 11 present the failure modes and crack patterns of both unretrofitted and hybrid retrofitted beams. Fig. 7 compares Beam A1 (unretrofitted) with Beam AR02 (hybrid retrofitted). In Beam A1, the compression zone did not crush at failure; cracks initiated in the tensile region and propagated through the neutral axis toward the compression zone but remained relatively mild, with no significant crack openings. Its failure was governed primarily by flexural cracks, accompanied by some shear cracking. Since A1 was unretrofitted, debonding was not observed. In contrast, Beam AR02 exhibited a complete collapse characterized by a prominent diagonal crack running from the tensile to the compressive zone. Additional cracks also initiated at the interface between the retrofitted layer and the RC beam, indicating debonding, with a maximum crack width of 10 mm (Table 4). The dominant failure modes of AR02 were flexural cracking, diagonal shear cracking, and debonding, with diagonal shear cracks being the critical cause of failure.
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[bookmark: _Ref192819584]Fig. 7 Failure modes and crack patterns of beams A1 and AR02

Fig. 8 illustrates the failure and crack patterns of beams B1 (unretrofitted) and BR02 (hybrid retrofitted). Beam B1 developed small cracks extending from the tensile region toward the compression zone, with no significant crack openings at failure. Its failure was governed primarily by flexural cracks. In contrast, Beam BR02 showed flexural cracks accompanied by interlocking shear cracks. Some cracks initiated not only from the extreme tensile fibres but also from the interface between the retrofitted layer and the RC beam. The compression zone did not completely crush. The observed failure modes were flexural cracking, diagonal shear cracking, and debonding, with debonding identified as the critical cause of failure. The maximum debonding crack width was 7 mm (Table 4).
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[bookmark: _Ref192819679]Fig. 8 Failure modes and crack patterns of beams B1 and BR02

Fig. 9 presents the failure modes and crack patterns of beams C2 (unretrofitted) and CR02 (hybrid retrofitted). In beam C2, cracks propagated from the tensile region toward the compression zone, approaching the extreme fibres. Its failure was primarily governed by flexural cracking, accompanied by some shear cracks. Beam CR02, on the other hand, exhibited cracks predominantly originating from the retrofitting layer, without extending to the extreme compression fibres. The observed failure modes included flexural cracking, diagonal shear cracking, and debonding of the retrofitted layer, with a maximum debonding crack width of 8 mm (Table 4).
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[bookmark: _Ref192819731]Fig. 9 Failure modes and crack patterns of beams C2 and CR02

Fig. 10 shows the failure modes and crack patterns of beams D1 (unretrofitted) and DR02 (hybrid retrofitted). Beam D1 developed relatively few cracks compared to the other unretrofitted beams. Most cracks remained close to the neutral axis, with only a diagonal shear crack extending toward the extreme compression fibres, which governed the ultimate failure. The failure modes were therefore identified as flexural and shear cracking, with diagonal shear as the critical cause. In beam DR02, fewer cracks were observed comparatively, occurring mainly away from the loading points. The failure of the retrofitted beam was characterized by flexural cracks, diagonal shear cracks, and debonding. The dominant mode was diagonal shear, which extended through the compression zone, accompanied by widening of the crack. Additional micro-cracks were noted within the retrofitting layer. The maximum debonding crack width was 7 mm (Table 4).
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[bookmark: _Ref192819794]Fig. 10 Failure modes and crack patterns of beams D1 and DR02

 Fig. 11 illustrates the failure modes and crack patterns of beams E2 (unretrofitted) and ER03 (hybrid retrofitted). Beam E2 developed narrow flexural cracks in the tensile zone that propagated into the compression region above the neutral axis but did not reach the extreme compression fibres. Its failure was governed by flexural and diagonal shear cracking, with the latter being the critical cause. In beam ER03, flexural cracks originated both from the interface of the retrofitting layer and from the extreme fibres of the retrofitted section, while diagonal shear cracks extended from the tensile fibres of the retrofitted layer to the extreme compression zone. At failure, a dominant diagonal shear crack propagated through the retrofitted layer near the bottom support and reached the compression flange, which was identified as the principal cause of failure. The maximum debonding crack width was 7 mm (Table 4).
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[bookmark: _Ref192819646]Fig. 11 Failure modes and crack patterns of beams E2 and ER03

[bookmark: _Ref192819703]Table 4 Failure modes of beams
	Beam id
	Failure 
	Main cause of failure
	Max debonding 

	
	modes
	
	Crack width, mm

	A1
	Flexural - shear
	Flexural
	-

	AR02
	Flexural - diagonal shear - debonding
	Diagonal shear
	10

	B1
	Flexural
	Flexural
	-

	BR02
	Flexural - diagonal shear - debonding
	Debonding
	7

	C2
	Flexural - shear
	Flexural
	-

	CR02
	Flexural - diagonal shear - debonding
	Debonding
	8

	D1
	Flexural - diagonal shear
	Diagonal Shear
	-

	DR02
	Flexural - diagonal shear - debonding
	Diagonal shear
	7

	E2
	Flexural - diagonal shear
	Diagonal shear
	-

	ER03
	Flexural - diagonal shear - debonding
	Diagonal shear
	7




4.2 Crack number and crack length
Fig. 12 presents the distribution of crack numbers recorded under and away from the load points. Under the load points in Fig. 12(a), the number of cracks generally decreased in the retrofitted beams compared to their unretrofitted counterparts, except for beams BR02 and CR02, which recorded higher crack numbers. At failure, CR02 exhibited the highest number of cracks (13), followed by BR02 with 12. Notably, these two beams were also the only specimens to develop shear cracks under the load points, accounting for the observed anomaly. Away from the load points Fig. 12(b), the retrofitted beams consistently developed more cracks than the unretrofitted beams. Across all specimens, flexural cracks were more prevalent than shear cracks.

[image: ]   [image: ]
	a) Under load region   		    	 b) Away from load region
[bookmark: _Ref192819880]Fig. 12 Crack numbers 	

Fig. 13 illustrates the relationship between crack lengths at failure. The largest crack lengths were generally greater in the retrofitted beams than in the unretrofitted beams, with the exception of beam AR02, which reached a peak of approximately 700 mm at complete failure. The beams that failed in diagonal shear exhibited the longest cracks, reflecting the severity of this failure mode. In contrast, the average and smallest crack lengths were slightly lower in the retrofitted beams compared to their unretrofitted counterparts. Among these measures, the average crack length provides the most reliable basis for interpreting the crack length relationship, followed by the smallest crack lengths.

[image: ]
[bookmark: _Ref192819904]Fig. 13 Crack lengths of beams

4.3 Crack spacing and maximum crack width
The relationship of crack spacing at failure is shown in Fig. 14. Beams that failed in diagonal shear exhibited the largest crack spacing, as a single dominant diagonal shear crack replaced the multiple flexural cracks that would typically form in that region. For beams A and B, the largest crack spacing decreased after retrofitting, while from beams C to E the spacing increased, with beam DR02 recording the highest value. In contrast, both the average and smallest crack spacings consistently decreased in the retrofitted beams compared to their unretrofitted counterparts. Among these measures, average crack spacing provides the most reliable representation of the crack spacing behaviour, followed by the smallest crack spacing.

[image: ]
[bookmark: _Ref192819930]Fig. 14 Crack spacing of beams
Fig. 15 illustrates the relationship between maximum crack widths at failure. The widest cracks were consistently associated with beams that failed in diagonal shear. Overall, the retrofitted beams exhibited larger maximum crack widths than their unretrofitted counterparts at ultimate failure. Specifically, beam AR02 recorded widths ranging from 1–15 mm, BR02 from 1–3 mm, CR02 from 1–5 mm, DR02 from 1–31 mm, and ER03 from 1–30 mm. This is due to the fact that, the retrofitting elements, especially the GFRP bars have failure characterized by larger deflection upon deformation due to lower modulus of elasticity (Boateng et al., 2024) thus an increase in the crack width in the retrofitted beams.  
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[bookmark: _Ref192819943]Fig. 15 Maximum crack width of beams

4.4 Load - deflection relationships
The load - deflection curves of the unretrofitted or control beams are shown in Fig. 16. Beam D1 had the highest load at complete collapse of the beam, and beam A1 following closely. Beam C2 was next in line, followed by beam E2 and then beam B1 with loads of 32 kN, 30 kN, 26 kN, 26 kN, and 24 kN respectively. It is evident that beam D1 with an increased area of tension steel is able to sustain the highest load.   
[image: ]
[bookmark: _Ref192819959]Fig. 16 Load-deflection curves of unretrofitted beam

The load - deflection curves of beam group A, illustrated in Fig. 17 show that beam A1 exhibited a linearly elastic behaviour initially from the origin, turned later inelastic after cracking and finally branched off at failure. It is evident in Fig. 17 that the retrofitted beam AR02 showed linearly increasing elastic curve, further than the unretrofitted beam but this curve also changed to inelastic till at a breaking point where a further increase in the load collapsed the beam abruptly, thus failing by shear. The retrofitted beam load-deflection curve is higher than the unretrofitted curve.
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[bookmark: _Ref192819998]Fig. 17 Load-deflection curves of A1 and AR02

Fig. 18 displays the load - deflection curves for beams B1 and BR02. There is a brief linear elastic trend in beam B1, followed by an inelastic range after cracking of the beam until failure. The retrofitted beam BR02 had an initial higher linear elastic curve than the unretrofitted beam, then after cracking, turned into inelastic until failure.  The retrofitted beam also exhibited greater stiffness than the unretrofitted beam. The failure beam BR02 was characterised by debonding and as such was not abrupt.
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[bookmark: _Ref192820020]Fig. 18 Load-deflection curves of B1 and BR02

Fig. 19 represents the load-deflection relationship for beams C2 and CR02 where it can be observed that the retrofitted beam exhibited greater stiffness. The unretrofitted beam followed a similar pattern as the other unretrofitted beams already discussed. The load-deflection curve of beam CR02 upon reaching the ultimate load, declined gradually and failed through debonding of the retrofitted layer unlike beam AR02 that failed abruptly in diagonal shear.
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[bookmark: _Ref192820035]Fig. 19 Load-deflection curves of C2 and CR02

The load-deflection relationship for beams D1 and DR02 are shown in Fig. 20. Beam D1 exhibited a short elastic range and relatively long inelastic range to failure. Beam DR02 exhibited a stiffer response, although with an even shorter elastic range than the unretrofitted beam. The inelastic behaviour of beam DR02 continued to failure which was characterized by shear. The failure mode for beam DR02 was similar to AR02. 
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[bookmark: _Ref192820048]Fig. 20 Load-deflection curves of D1 and DR02

Fig. 21 illustrates the load-deflection curves for beams E2 and ER03. For beam E2, the relationship is elastic although of shorter range than beam D1. The curve moved gradually into inelastic until beam failure. Beam ER03 had a longer elastic rage which turned off into the inelastic, but beyond the maximum load the curve decreased until instantaneous failure by shear in the beam.
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[bookmark: _Ref192820061]Fig. 21 Load-deflection curves of E2 and ER03





5 Numerical Analysis
5.1 Theoretical failure – code provisions
BS8110 (2000) gives guidelines in the design of concrete structures. The numerical model is on the basis that the concrete section is not cracked at the tensile zone. When there are cracks, the stresses at the cracked fibres of the sections are transferred to the steel reinforcements at that section. 
The following assumptions are used in the hybrid retrofitted model:
i. Plane sections before bending remain plane after bending.
ii. The concrete in the reinforced concrete does not resist any tension but only compression.
iii. The concrete jacketing is made from concrete with natural fibres present to resist tension.
iv. The steel reinforcement resists both compressive and tensile stresses.
v. The CFRP laminate and GFRP bar resist tensile stresses.
vi. There is sufficient bonding of the CFRP to the substrate of the reinforced concrete.
vii. There is sufficient grip of the GFRP bar in the MAS plates. 

There is the tendency of debonding of the retrofitted layer from the reinforced concrete beam, as such the numerical model cannot reach the ultimate loads per the beam theory analysis, as such the need to have effective strengths for the retrofitting elements used. Concrete prisms were cast for determining the modulus of rupture. The specimens were tested under three- point flexural test. The equations used in the numerical analysis in Table 5 are as follows:


Modulus of rupture 								1

Cracking moment 								2


Failure load of beam 								3

Moment of resistance of beam based on failure in compression: 			                                     	4


Moment of resistance of beam based on yielding of steel bars in tension:               				                                                         	  5
Shear resistance failure of beam:

  						              		  6
where B is the breadth of the concrete prism or beam, D is the overall depth of the concrete prism or beam, b is the breadth of the concrete beam, d is the effective depth of the tension steel, d’ is the inset to compression steel, As is the area of tension steel reinforcement, As’ is the area of compression steel reinforcement, fcu is the compressive strength of concrete, fy is the design strength of the steel reinforcement, P is the failure load of the concrete prism, L is the effective length of the concrete prism or beam, Sv is the spacing between links or stirrups, Asv is the area of shear reinforcement corresponding to the leg of stirrups, and the νc is the design concrete shear stress.
The retrofitted beams upon loading to failure or complete collapse give the ultimate load which is Pult-r. The theoretical failure load (Pult') based on the unstressed cross-section is given by the critical failure load as shown in the Table 5. The assumptions of the steel yielding first, concrete crushing first, or shear failure first are analyzed and the least failure load chosen as the governing or critical load, Pult’. It is observed that the ratio of experimental load (Pult) of the control beam or unretrofitted beam to the theoretical critical load (Pult') is of a minimum of 162 % with beam B1 due to the close difference of both values and a maximum of 205 % with beam C2 because of the big difference between both values. However, the ratio of the experimental failure load (Pult-r) of the retrofitted beam load to the numerically predicted critical failure load (Pult') reaches a minimum of 248 % with beam AR02 due to the close gap between their loads and a maximum of 315 % with the beam CR01 due to wider difference in the failure load. The ratio of the experimental first crack load (Pcr) of the control to the theoretical first crack load (Pcr') of the control ranges from 62% to 93% with the highest value of 93 % in  beam D1. From values of the ratio of the experimental first crack load (Pcr) of the unretrofitted beam to its experimental ultimate load (Pult), it is observed that the cracks are initiated for a considerable duration before the ultimate failure occurs. The highest ratio is in  beam A1, recording a value of 47 %. The ratio of the experimental first crack load (Pcr) to the ultimate retrofitted load (Pult-r) shows a wider gap than that of the unretrofitted beams. The lowest value is 20 % while the highest is at 33 %.  The ratio of the theoretical crack load to the experimental ultimate load records a minimum value of 38 % found in beam C2 while the highest is at 54 % in beams A1 and B1. The theoretical crack load (Pcr') in comparison to the experimental first crack load (Pcr) is higher because the theoretical is the idealized condition where the minor errors from mensuration, environmental and human factors,  presence of greater defects in actual beams compared to small MOR control prisms do not play a part.  The ratio of the retrofitted ultimate load to the unretrofitted ultimate load (Pult-r/Pult) records values greater than 1 which indicates the enhanced strengths of the retrofitted beams. The lowest value is at 140 % for beam A1 while the highest is at 158 % for beam B1, indicating that retrofitting of beams can greatly enhance their load carrying capabilities.
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[bookmark: _Ref192820105]Table 5 Theoretical and experimental failure loads of beams
	Beam Id.
	Theoretical cracking load of control, Pcr' (kN)
	Exp. First crack load of control, Pcr (kN)
	Exp. Failure load of control, Pult (kN)
	Exp. Failure load of retrofitted beam, Pult-r
	Theoretical failure load based on unstressed section, Pult' (kN)
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	Steel yielding
	Concrete crushing 
	Shear failure
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	A1
	16.32
	14.0
	30.0
	42
	16.91*
	92.60
	19.23
	1.77
	2.48
	0.86
	0.47
	0.33
	0.54
	0.39
	1.40
	

	B1
	12.89
	8.0
	24.0
	38
	14.80*
	71.83
	17.31
	1.62
	2.57
	0.62
	0.33
	0.21
	0.54
	0.34
	1.58
	

	C2
	9.87
	8.0
	26.0
	40
	12.69*
	53.63
	15.48
	2.05
	3.15
	0.81
	0.31
	0.20
	0.38
	0.25
	1.54
	

	D1
	12.89
	12.0
	32.0
	46
	22.17
	71.83
	18.36*
	1.74
	2.51
	0.93
	0.38
	0.26
	0.40
	0.28
	1.44
	

	E2
	12.89
	10.0
	26.0
	38
	14.80*
	54.37
	16.73
	1.76
	2.57
	0.78
	0.38
	0.26
	0.50
	0.34
	1.46
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


Note: * denotes the governing failure load Pult’ (kN)




5.2 Flexural moment capacity
The hybrid retrofitted beam is designed to enhance the flexural strength of the reinforced concrete beam. The cross-section of the retrofitted beam is shown in Fig. 22 with the strain distribution diagram. The strain is observed to be triangular both in compression and tension. The positions of the individual strains of the various components of the retrofitted layer in the beam are illustrated in the figure. In  BS8110 (2000), the strain of concrete εc, is specified as 0.0035.


[image: ]
[bookmark: _Ref192820154]Fig. 22 Strain block diagram of hybrid retrofitted beam

The stress block diagram of the flexural moment capacity of the retrofitted beam is illustrated in Fig. 23. In this figure, the compressive forces are that of the steel reinforcement and the concrete in compression. The contributing tensile forces are those of the bottom steel reinforcement, CFRP laminate, GFRP bar, and the concrete jacketing. The respective lever arms for the stresses are as shown in the figure. The only contribution of the MAS plates in the numerical model is in providing a strong grip for the GFRP bar, as such the plates are not included in the numerical formulation. The expandable bolts used in fixing the plates in position within the reinforced concrete beam have a good bond initially but at increased loads, the bolts can be yanked out in some cases. Anchorage efficiency is improved as tensile stresses are effectively transferred from the loading system through the GFRP bars into the surrounding concrete via the mechanical grip of the anchorage. Also, the grooved surfaces of the MAS plates prevent bond slip, ensuring stable load transfer, while the redistribution of stresses along the GFRP minimizes localized stress concentrations outside the anchorage–bar interface. The use of MAS plates is associated with some limitations. Their fabrication and installation can be complex and costly, particularly when cutting and precise on-site assembly are required as extra components are needed. The additional self-weight of the plates contributes to an increase in the overall weight of the beam, which may be undesirable in lightweight structural applications. Moreover, localized stress concentrations at the anchorage–bar interface can lead to crushing of the GFRP bars, compromising their tensile capacity. Finally, the steel plates may present a potential durability concern, as they are susceptible to corrosion if not adequately protected.
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[bookmark: _Ref192820170]Fig. 23 Stress block diagram of hybrid retrofitted beam


5.2.1 Plastic neutral axis
The plastic neutral axis denotes the region in the cross-section of the beam where the compressive and tensile stresses are zero, as such the region of neutrality of forces. Zhang et al. (2023) adopted the reduced moment approach and had favourable results, as such this approach was introduced in the formulation of the flexural moment capacity equation that is used in estimating the hybrid retrofitted beam behaviour. 

										7



where is the strain of concrete, is the strain of GFRP, x is the plastic neutral axis, H is the overall depth of beam, and  is the height of the soffit of reinforced concrete beam to the centroid of GFRP bar.

										8

The strain of the concrete,  at the extreme compression fibre under the condition of only steel reinforcement is 0.0035 corresponding to a height of x. The strain of the concrete section at the height x when the contribution of the strain from the GFRP bar is factored into equation 8 is given as εc, thus the height of y at a strain of εc is given in equation 9. The effective heights as illustrated by Zhang et al. (2023) are shown in Fig. 24, where the height from the neutral axis to the extreme compression fibre is x, the height from the neutral axis to the εc is y and the effective height ye is given as the sum of y to the median of x and y.


											9
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[bookmark: _Ref195051175]Fig. 24 Reduced moment effective heights (Zhang et al., 2023)


   	 (Zhang et al., 2023)
where ye is the effective height of concrete and y the height of concrete at εc

    (Zhang et al., 2023)
According to Zhang et al. (2023), the effective components are able to reduce the compressive strength to bring correlation to the real strength scenario.
fCE is the effective compressive strength, fc is the compressive strength

						10
It can be observed from the experimental tests discussed earlier that the failure by debonding was prevalent in the retrofitted beams, and as such the beams did not reach their full strength of the tensile capacities of the CFRP and the GFRP. Thus, the effective strength of 300 N/mm2 is used for the CFRP laminate while the effective strength of the GFRP bar is taken as 550 N/mm2. None of the CFRP laminate failed by rupturing. The GFRP bar also did not fail by rupturing as is normally observed in concrete beams reinforced with GFRP bars instead of steel reinforcement. The CFRP laminate and GFRP bar did not reach the full strength of rupture in the experimental testing, as such the effective strengths are used in the analytical computations. Tang et al. (2020) investigated the effects of sustained loading in conjunction with wetting-drying cycles on the debonding behaviour of materials. Their findings indicated that debonding significantly degraded bond strength by 8.36% and yielding capacity by 14.29%(Tang et al., 2020)(Tang et al., 2020)(Tang et al., 2020)(Tang et al., 2020)(Tang et al., 2020). The bond strength reduction for different types of FRP-adhesive-to-concrete bonded joints after 110 months of exposure to wet-dry cycling environment was CFRP plate with Sika 30 (3%), CFRP sheet with SW-3 C (9%), CFRP plate with Araldite 106 (36%), and GFRP sheet with Sika 330 (48%) (Hao et al., 2024). The CFRP laminate and the GFRP bar strengths were reduced to effective strengths to account for the loss of strength due to debonding in the interfacial connection between the concrete beam and the retrofitting layer. 

CFRP reduced strength: 	11

GFRP reduced strength: 		12
 

						13
Where:

										14
hs1 is the depth from centroid of compression steel to the extreme compression fibre, hs2 is the depth from the extreme tension fibre of the reinforced concrete beam to the centroid of the tension steel, z1 is a lever arm

										15
z2 is a lever arm

										16
z3 is a lever arm

										17
z4 is a lever arm

											18
z5 is a lever arm
The plastic moment of the hybrid retrofitted beam is proposed as follows:

			19

Table 6 gives the comparison between the analytical and the experimental moments. The beams have varying heights, thus contributing to the changes in the lever arms z1 and z2, but due to the fixed heights of the retrofitting layer the lever arms at the remaining lever arms are unchanged. The distance of the plastic neutral axis extending above the centre of the beam is given as k. It is observed to be highest in beam AR02 with a value of 87.83 mm, decreasing till in beam CR02 with a value of 62.83 mm. The value increases again to 70.59 mm then finally reduces to 65.88 mm. The effective height, ye is observed to reduce gradually from AR02 to CR02 then increased from DR02 to ER03. 
The analytical moments from Table 6 are observed to align with the experimental moments. The ratios of the analytical moment to the experimental moment are 102 %, 101 %, 85 %, 91 %, and 91 % in beams AR02, BR02, CR02, DR02, and ER03, respectively. This signifies the close relationship that the estimated analytical moments have with the experimental moments, thus validating the new formula. The mean of the ratio of the two moments is given as 0.94 and the variance is 0.00541.  

[bookmark: _Ref192820203]Table 6 Comparison between the analytical and experimental moments
	Beam id
	k
	εc 
	y
	ye
	fce
	z1        mm
	z2        mm
	z3        mm
	z4        mm
	z5        mm
	Me (kNm)
	Ma (kNm)
	Ma/Me

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	AR02
	87.83
	0.19
	0.46
	12.56
	24.40
	175.73
	193.38
	35.69
	25.52
	42.84
	14.7
	14.99
	1.02
	

	BR02
	75.33
	0.21
	0.41
	12.54
	24.40
	150.73
	168.39
	35.69
	25.52
	42.84
	11.9
	13.42
	1.13
	

	CR02
	62.83
	0.25
	0.35
	12.51
	24.40
	125.73
	143.41
	35.69
	25.52
	42.84
	14.0
	11.86
	0.85
	

	DR02
	70.59
	0.26
	0.40
	14.91
	24.40
	150.73
	167.21
	35.69
	25.52
	42.84
	16.1
	14.58
	0.91
	

	ER03
	65.88
	0.31
	0.39
	17.25
	14.38
	150.73
	166.03
	35.69
	25.52
	42.84
	13.3
	12.13
	0.91
	


k is distance of neutral axis extending above centre of beam, Me represents the experimental moment, and Ma represents the analytical moment

Fig 25 illustrates the graphical representation of the relationship between the two moments. It is observed that the moments cluster along the middle line and the values are within the error margins.  
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[bookmark: _Ref192820229]Fig. 25 Relationship between analytical and experimental moments.


5.3 Limitations and Future Work

The limitations of the experimental program are briefly discussed. While the CFRP laminate bonded effectively to the concrete substrate up to failure, debonding of the concrete jacket was observed in the retrofitted beams, reducing their ultimate load capacity. In addition, bolts within the MAS plates were dislodged in some specimens at ultimate loading. The hybrid retrofitting system was not evaluated under long-term durability conditions, nor were the beams subjected to temperature variations or corrosion-induced conditions to assess their flexural performance. 
Future studies should therefore focus on retrofitted beams of similar configurations, with emphasis on seismic performance, durability under corrosive and temperature variation  conditions, long-term durability, and ways to reduce the debonding.




6. Conclusion
This paper presents results of experimental research that was conducted to investigate the flexural behaviour of hybrid retrofitted beams using  CFRP laminates, GFRP bars, MAS plates, and concrete jacketing with natural fibres. The effects of crack numbers, crack lengths, crack spacings, maximum crack-widths, crack pattern, load-deflection relationship, and failure modes of the unretrofitted and retrofitted beams were discussed. The British Standard code provisions for the unstressed, unretrofitted RC beam was used to compare with the retrofitted RC beams. Furthermore, the formulation of a flexural moment capacity equation is derived to predict the retrofitted RC beams. The following conclusions can be drawn: 
1) The failure modes of the unretrofitted beams were characterized with flexural (beams A, B, C) and diagonal shear (beams D, E). However, due to the increase in flexural capacity of the retrofitted beams, the failures were debonding (beams B, C) and diagonal shear (beams A, D, E). The retrofitted beams all experienced debonding with the maximum debonding crack width as 10 mm (beam A), 8 mm (beam C), and 7 mm (beams B, D, E). Thus, the beam with depth 225 mm developed the highest debonding, while all the 200 mm beams developed 7 mm debonding width.
2) The highest number of cracks recorded reached 13 (beam CR02) under the load points, directly followed by beam BR02 with a number 12. It can be observed also that there was an anomaly in the trend for the beams BR02 and CR02 being the only beams that recorded shear cracks under the load points. In both flexure and shear, the crack number away from the load points was observed in the retrofitted beams to be more than their unretrofitted beams, most of which were micro cracks which gave an indication of a ductile member. The number of flexural cracks was more than those in shear for all the beams in both under and away from the load points, and also, the retrofitted beams recorded higher values than the unretrofitted beams.
3) With regard to largest crack lengths, the retrofitted beams were observed to have crack lengths that were more than the unretrofitted beams. In ascending order, the largest lengths are from beam A through beam E, with the exception of the retrofitted beam A (AR02) which peaked around 700 mm. These largest lengths could be attributed to the beams that failed in diagonal shear. In terms of the average crack lengths, it was evident that the retrofitted beams had crack lengths that were slightly lower than their unretrofitted beams and the same could be observed in the smallest crack lengths. This shows that the retrofitting closed the gaps of the crack lengths. The average crack lengths gave a better representation than the largest lengths.
4) The average crack spacing generally increased from beams A to D, then decreased to beam E. The retrofitted beams recorded lower values than the unretrofitted, signifying the importance of strengthening of the RC beam which closed the spacing of the cracks. The maximum crack widths increased from beam A to beam E. The retrofitted beams had higher crack widths than the unretrofitted beams due to the failure in diagonal shear that widened the cracks.
5) The load-deflection relationship for the unretrofitted beams revealed that beam D was the highest curve followed by beams A, C, E, B. The retrofitted beams had higher load deflection curves than the unretrofitted beams in all the scenarios.
6) The ratio of the experimental load of the unretrofitted beam to the theoretical critical load reached a minimum of 162 % with beam B1 due to the close difference between both values and a maximum of 205 % with beam C2 because of the big difference between both values. The ratio of the experimental retrofitted beam load to the numerical critical failure load reachedd a minimum of 248 % with beam AR02 due to the close gap between their loads and a maximum of 315 % with the beam CR01 due to wider difference in the failure load. In comparison with Alkhateeb & Hejazi (2022) who found a 133 % improvement with their type of retrofitting, this type of retrofitting works better.
7) The analytical equation derived to compute the flexural moment capacity of the retrofitted beam closely aligns with the experimental moments. The ratio of the analytical moments to the experimental moments varied as 102 %, 101 %, 85 %, 91 %, and 91 % for beams A, B, C, D, and E respectively. The mean of the ratio of the two moments is given as 0.94 and the variance was 0.00541, thus the close correlation among the values. This validates the new formula proposed for this hybrid retrofitting technique.
8) The new formula for flexural moment capacity of the hybrid retrofitted beam is based on experimental and theoretical work of the hybrid retrofitting elements, GFRP bar, CFRP laminate, and concrete jacketing. The MAS plates are needed solely to ensure a firm grip on the GFRP bar as such it is not used directly in the formulation of the equation. The results from the new formula indicate that the new formula can accurately estimate the flexural moment capacity of the hybrid retrofitted beam.
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