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Abstract 

Lightweight concrete (LWC) is one of the most important building materials nowadays. 

Many research studies were focused on LWC produced using lightweight aggregates. 

However, limited work was cited for LWC produced using polystyrene beads.  In this study, 

LWC beams strengthened with carbon fibre reinforced polymer (CFRP) and glass fibre 

reinforced polymer (GFRP) were experimentally tested to investigate the improvement in 

their flexural and shear behaviours. LWC in this investigation was achieved by partial 

replacement of normal aggregate by polystyrene beads and resulted in approximately 30 % 

less weight compared to Normal weight concrete. Fourteen Reinforced Concrete (RC) 

LWC beams of 100 mm by 300 mm cross-section having an overall length of 3250 mm 

were tested under four-point bending. These beams were designed, detailed, and tested to 

obtain flexural and shear mode of failure.  These beams were divided into two groups based 

on the intended failure mode. In each group, six beams were strengthened using CFRP and 

GFRP laminates while the remaining one beam was used as control. The tested parameters 

were the type of FRP, the width of the laminates used in shear strengthening, and the 

number of layers used in flexural strengthening. It was found that strengthening of LWC 

beams using CFRP and GFRP layers resulted in increasing the loading capacity and 

decreasing deflection as compared to control. The strengthening with CFRP and GFRP is 

also suitable in reducing the crack width and crack propagation which is more significant 

in LWC beams. The experimental results were also compared with the expressions in codes 

for forecasting the strength of LWC beams and it was that these expressions are compatible 

with the experimental results. 
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Notations 

Af, Afv = Area of FRP external reinforcement. 

As= Total area of longitudinal steel reinforcement 

bf = The width of FRP 

bw = Width of concrete section 

CE=Environmental reduction factor  

d, dfv = Effective depth of the concrete section. 

d'= Distance from centroid of compressive steel to upper face of member 

df = Depth of FRP shear reinforcement. 

Ef, Efu = Tensile modulus of elasticity of FRP. 

Es = Modulus of elasticity of steel 

Fc, fcm, fc', fcd,  

fcu = cube compressive strength of concrete 

ffe, ff = Tensile strength of the FRP 

fy, fs = Steel yield strength 

h = Depth of concrete beam 

hf = Distance from extreme compression fibre to centroid of tension reinforcement 

n = Number of plies of FRP reinforcement 

k1, K2= Modification factors 

Kv=    The bond-reduction coefficient 

Le= The active bond length 

qfu = The nominal shear strength of the FRP shear reinforcement 

Sf = Spacing of FRP shear reinforcement (distance between the centreline of the strips). 
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tf = Nominal thickness of one ply of the FRP reinforcement 

Vu= The shear capacity Vu of the shear strengthened reinforced concrete (RC) beam 

Vc= The shear resistance of the concrete and longitudinal steel reinforcements 

Vs = The shear capacity of transverse steel reinforcements or bent-up steel bars 

Vf = The accurate prediction of the FRP shear contribution 

wf = Width of the FRP reinforcing plies 

Ԑfu*= Maximum strain in the FRP  

Ԑf, εfe= FRP strain 

Ԑbi= = Initial strain in concrete at the level of the FRP at service load level when installing the 

FRP 

Ԑs= Strain of the steel reinforcement 

Ԑcu= Ultimate concrete strain 

εef = Effective strain in FRP reinforcement. 

γf = Material strength reduction factor of FRP shear reinforcement. 

ᵞs = Material safety factor for the steel reinforcement 

ᵞc = Material safety factor for the concrete 

ρf = FRP reinforcement ratio 

θ = = Angle of diagonal crack with respect to the member axis 

α = Angle of inclination of FRP reinforcement to the longitudinal axis of the member 

β1= Coefficient accounting for the bond characteristics of the reinforcement 

𝜓 = Load combination factor, or stress block area coefficient 

𝛿𝐺 = Stress block centroid coefficient 
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1 Introduction 

Deterioration of concrete structures and/or changing the function of structures and buildings 

needs retrofitting and repair of such buildings. Other factors that contribute to the deterioration 

of civil engineering infrastructure include ageing, poor construction, a lack of maintenance, a 

change in use, more stringent design criteria, and natural disasters like earthquakes. 

Strengthening is a promising approach to improve or regain the load-carrying capacity of 

structures to extend their serviceability [1]. There are many strengthening techniques such as 

guniting [2], jacketing [3], external prestressing [4] and fibre reinforced polymer (FRP) [5]. 

FRP gained wide acceptance as a promising technique for retrofitting structural members for 

its high strength to weight ratio, its damping capabilities, its high resistance to corrosion, its 

fatigue resistance, and the short time scale for repair [6]. Glass fibre reinforced polymer 

(GFRP) and Carbon fibre reinforced polymer (CFRP) are the widely explored types of FRP 

which have been discussed in the subsequent para. 

GFRP inclined strips were used in the shear deficient Normal weight concrete (NWC) beams 

and they were found effective in arresting the cracks on higher load as compared to control 

beam [7]. Flexural strengthening of NWC beams using GFRP, CFRP and hybrid FRP sheets 

was studied [8]. This research concluded that the use of a two-layer GFRP for strengthening 

was very efficient as it enhanced the strength capacity by 114%. In another study, NWC beams 

were strengthened using wrapping of the shear edges of the beams twice at 45∘ in opposite 

directions by either CFRP or GFRP and found that the strength increase of the beams 

strengthened with CFRP was 84% and the displacement reduction was found to be 39.5%. The 

increase in strength of the beams strengthened with GFRP was 45%, and the deflection 

reduction was found to be 53.6% [9]. Strengthening of NWC beams using FRP was also found 
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to improve the fatigue performance of retrofitted beams by extending the strength and lifetime 

of the beams [10].  

In the last decade, there has been more interest in using lightweight concrete (LWC) in 

structural members for its reduction of the structural weight while providing suitable thermal 

insulation [11]. It has many applications including multi-storey buildings, frames, floors, 

bridges, and prestressed elements of all types. To boost the flexural strength of under-

reinforced beams, a series of 40 LWC reinforced beams were strengthened with CFRP. 

Parameters investigated were reinforcement ratio, CFRP sheet length, CFRP sheet width, beam 

and half-beam width. The reinforced beams demonstrated a small gain in ultimate load-

carrying capacity, as well as a reduction in mid-span deflection. Jacketing was the most 

successful strengthening strategy in terms of strength augmentation (approximately 41%) when 

compared to control beam, but it dramatically affected ductility [12]. 

Flexural behavior of concrete strengthened with PU matrix–adhesive laminates using small-

scale single lap shear specimens, unreinforced flexural specimens, and large-scale RC girders 

were studied. Experimental results show that although the normal and shear strengths of PU-

based adhesives are low, PU-strengthened beams show increased strength and deformability, 

owing to the load redistribution ability within the bond line [13].  

Bond durability under accelerated environmental conditioning of two FRP systems commonly 

employed in civil infrastructure strengthening were investigated: epoxy and polyurethane 

systems. Five environments were considered under three different conditioning durations (3 

months, 6 months, and 1 year).  

Results indicate that both epoxy and polyurethane FRP systems do not degrade significantly 

under environmental exposure. However, flexural tests on the FRP strengthened concrete 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



7 
 

beams indicate that bond between FRP and concrete shows significant degradation, especially 

for aqueous exposure [14].  

Number of different rehabilitation and retrofitting techniques for RC columns reviewed and 

evaluated. The outcomes can be drawn from the review as follows:  

1. Steel jackets provide a passive lateral pressure, similar to the internal transverse 

reinforcement, which is activated when the column dilates laterally under the effect of axial 

load.  

2. Concrete jackets strengthening technique improves the column axial, shear, flexural strength 

and stiffness. The bond between the old and new concrete should be enhanced beforehand by 

roughening the surface of the original member.  

3. Ferrocement jacketing technique does not require highly skilled labor. Ferrocement 

confinement improves ultimate load capacity, resistance to impact, resistance to earthquake, 

resistance to fire and corrosion, reduces the cost of maintenance.  

4. CFRP composite has many advantages compared to other traditional techniques. CFRP 

sheets have a high strength to weight ratio, very high resistance to corrosion and chemical 

attacks which makes them, unlike steel plates and concrete jackets, suitable for structures 

subjected to aggressive environments.  

5. GFRPs are great composites for strengthening RC columns. They have shown excellent 

durability and performance, and they are being widely applied in the construction field because 

of their light weight and minimal increase in member dimensions [15]. 

Al-Jelawy et al [16] investigated the effect of different environments on the durability and 

failure modes of two different wet lay-up CFRP systems applied to flexural reinforcement of 

concrete were investigated: a two-part epoxy and a preimpregnated, water catalyzed 

polyurethane with aromatic chemistry as a matrix. Durability of concrete, CFRP laminates, and 
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small-scale CFRP-strengthened concrete flexural beams was investigated for each duration 

(125, 250, and 365 days) and accelerated conditioning environment. Inverse analysis with a 

numerical model was used to develop conditioned bond–slip models for each composite 

system. Results and failure modes of control and conditioned specimens showed that 

degradation of CFRP-strengthened beams was controlled by the conditioned concrete tensile 

strength and bond cohesive energy in the epoxy and polyurethane systems, respectively. 

Aljaafreh [17] tested eight LWC beams strengthened using CFRP. It was found that the LWC 

beams strengthened with the CFRP layer exhibited an appreciable increment in flexural 

strength compared to the control beam. Similarly, experimental, and analytical results of LWC 

beams strengthened with GFRP Strips was compared. The results showed that strengthening 

of Reinforced Concrete (RC) beams by GFRP strips is an effective technique [18]. In 2021, an 

experimental study was conducted to evaluate the use of FRP-based strengthening procedures 

to extend the service life of damaged LWC members that had been exposed to intense fires. 

The heated LWC reinforced beams regained a considerable amount of their load capacity after 

strengthening and exhibited typical flexural fractures in the bending zone, as well as flexure-

shear cracks in the shear span. In addition, it was found that using a single layer and U shaped 

jacket of FRP sheets at sides and bottom of the beams, was the most effective technique among 

the others used in their research for regaining their full flexural capacity [19]. 

LWC and NWC beams were experimentally and numerically tested with U-shaped and closed 

shape of epoxy-bonded CFRP reinforcement to compare shear-resisting mechanisms between 

the two beams types. It was found that CFRP can successfully be used in strengthening of LWC 

beams and the shear strength gained for LWC is less than NWC samples while modes of 

failures were almost the same. On the other hand, diagonal shear cracks propagated through 

the LWC aggregates while the cracks in NWC were around the aggregates. The numerical 
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results showed that the current design guidelines to estimate the CFRP contribution do not 

differentiate between concrete types [20]. 

Partial replacement of normal aggregate by polystyrene beads results in LWC with the benefits 

of maintaining a reasonable strength, reduced the overall weight of the LWC test beams by 

approximately 30% compared to their counterparts of NWC beams, low price, and good 

insulation of polystyrene [21, and 22]. This is necessary as the use of LWC is increasing day-

by-day and the weaker aggregates and interfacial zone of LWC is susceptible for crack 

propagation and widening [23]. However, we did not cite published work for the LWC beams 

containing polystyrene beads and strengthened by FRP. Thus, this study is focusing on the 

LWC beams containing polystyrene beads and their flexural and shear strengthening by using 

GFRP and CFRP. The parameters of the study are the width of wrapping for shear 

strengthening and the number of layers for flexure strengthening. The design equations in the 

codes which were formulated for NWC beams are applied and validated in this investigation 

for LWC beams containing polystyrene beads and strengthened using FRP laminates. 

2 Research Significance 

Lightweight concrete is one of the most important building materials that can help to the 

development of sustainable materials; yet, because of the weaker particles and interfacial zone, 

crack propagation in LWC beams is relatively faster than in standard concrete beams. As a 

result, the importance of strengthening LWC beams became apparent. The current study aims 

to investigate the flexural and shear strengthening using GFRP and CFRP laminates of LWC 

beams containing polystyrene beads. The existing codes and their design equations for the 

strengthening of beams using FRP were applied on LWC studied beams containing polystyrene 

beads. The Comparisons between experimentally obtained loading capacities and those 

predicted using design codes were carried out.  
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3 Experimental Program 

Total 14 LWC RC beams having dimensions 100 mm × 300 mm × 3250 mm were tested under 

four-point bending. These beams were divided into control, shear and flexure groups as shown 

in Table 1. All beams were detailed  according to Egyptian Code of Design and Construction 

of Reinforced Concrete Structures, ECP 203-2018 [24]. The dimension, reinforcements and 

strengthening details of these groups are also mentioned in Table 1. Seven beams (Including 

one control and Beams in Flexure groups) were detailed in such a manner that intended failure 

mode was flexure. Beams in Flexure groups were then strengthened for flexure by GFRP and 

CFRP as shown in table 1. On the other hand, the remaining seven beams (Including one control 

and Beams in shear groups) were detailed in such a manner that the intended failure mode was 

shear. Figures 1 (a) and (b) show a schematic of reinforcement details of the beams tested for 

flexure and shear mode of failure, respectively. Two steel types were used, main steel for 

longitudinal bars of yield tensile strength (𝑓𝑦 =  360 𝑁/𝑚𝑚2) and ultimate tensile strength 

(𝑓𝑢𝑙𝑡  =  520 𝑁/𝑚𝑚2) and mild steel for stirrups of yield strength (𝑓𝑦 =  240 𝑁/𝑚𝑚2) and 

ultimate tensile strength (𝑓𝑢𝑙𝑡  =  370 𝑁/𝑚𝑚2). 

3.1 LWC Mixes Containing Polystyrene Beads 

LWC was obtained by replacing 50% of coarse aggregate with polystyrene beads and adding 

silica fume to the mix to compensate the weakness of polystyrene [21]. Polystyrene is a 

petroleum-based plastic made from the styrene monomer and it is known as Styrofoam, which 

is the trade name of a polystyrene foam product used for housing insulation. Polystyrene is a 

light-weight material (95% air) and rigid cellular foam. Polystyrene has an excellent resistance 

to moisture, imperiousness to rot, mildew, and corrosion. In addition, it is a very good electrical 

insulator, has excellent optical clarity due to the lack of crystallinity, and has good chemical 

resistance to diluted acids and bases. However, polystyrene brittle and it has poor impact 
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strength due to the stiffness of the polymer backbone. Despite this weakness, styrene polymers 

are very attractive large-volume commodity plastics. The polystyrene beads are shown in 

Figure 2 and their physical properties are reported in Table 2. The mix proportion required by 

weight for one cubic meter of fresh concrete for the LWC specimens are given in Table 3. 

Characteristic compressive cube strength, 𝑓𝑐𝑢, of the LWC mix was 32 N/mm2 is the average 

strength obtained by testing six cube specimens of 150×150×150 mm. Six cylindrical 

Specimens of 150 diameter ×300 mm height, were tested under compression to obtain the 

stress-strain response. The average cylindrical compressive strength was 𝑓𝑐
′ = 27 𝑁/𝑚𝑚2 . 

The average density of LWC was 1740 kg/m3.   

3.2 Beam Fabrication 

The formwork made of wood was used for the casting of Beam specimens. The steel 

reinforcement used in the specimens was prepared and placed in the formwork and the 

thickness of concrete cover was 2.5 cm (refer to Figure 3). The beams were cast and compacted 

for 3 minutes after casting using an electrical vibrator. The beam surface was levelled to obtain 

a smooth surface. Samples were cured for 28 days and the curing was carried out by covering 

the samples with burlap and spraying them with water daily. Strain gauges were embedded in 

the concrete and mounted on main reinforcement, stirrup reinforcement and longitudinal 

reinforcement as shown in Figures 1 (a) and (b).  

3.3 Steps for Beam Strengthening 

GFRP and CFRP layers were attached to the beams after 28 days of casting. The main steps 

for preparing the surface of beam are as follows: 

1- Cleaning the concrete surface using an electrical hand blower to remove the debris on the 

concrete cover. 

2- Application of Epoxy on the concrete surface. 
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3- Rounding the corners of each beam to a radius of 15 mm. 

4- Smoothening the epoxy paste surface. 

5- For flexural specimens, attaching the first layer of GFRP or CFRP layers to the bottom 

surface of the concrete beam with epoxy resin and simultaneously placing subsequent 

laminates (if appropriate) with additional epoxy resin. The fibres orientation of the layer 

was parallel to the span of the beam (refer to Figure 4). 

6- For shear specimens, wrapping the concrete beam with one layer of U-shaped GFRP or 

CFRP layers using epoxy resin (refer to Figure 5). 

7- Rolling the FRP layers using a special laminating roller to ensure that the FRP is saturated 

in epoxy resin and there are no air voids exist between the fibres and concrete surface. 

3.4 Testing Setup 

Beam Specimens were tested in load control mode by using a 1000 kN capacity hydraulic jack 

with a loading rate of 0.33 kN/s till failure. The load controlled mode was used with slow 

loading rate as it is suitable for LWC beams as the elastic response is largely governed in LWC 

due to its matrix. Above the elastic limit, cracks propagate, which reduces the stiffness of the 

LWC specimen. This results achieving the peak load and displacement almost at the end of 

elastic limit with bent-up load-deflection response. The testing setup is shown in Figure 6. 

Specimens were instrumented to measure deflection, strain in concrete, strain in transverse 

reinforcement (stirrups), longitudinal reinforcement strains and crack width synchronised with 

the applied load. The crack width and deflection were measured using two linear variable 

displacement transducers (LVDT) 100mm capacity and 0.001mm accuracy as shown in Figure 

7 and Figure 8. The deflections were recorded using three LVDTs which were arranged to 

measure the deflection distribution. The steel reinforcement strains were measured using five 

strain gauges. 
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4 Results and Discussion  

4.1 Cracking Loads, Failure Loads, and Crack Pattern 

Table 4 presents the failure load and cracking load for shear and flexural cracks. As expected, 

all the beams detailed as shear deficient were failed in shear before the flexural capacity was 

reached. While beams in Flexural group were failed in flexure after attaining their capacity. 

There was no slippage of flexural reinforcement during the testing. As shown in Table 4, the 

failure load is higher in Shear group and its corresponding control as compared to the failure 

load in Flexure group and in its control. This is due to the shear span to depth ratio which is 

smaller in shear deficient beams. It can also be noticed from the table 4 that strengthening for 

shear using CFRP resulted in higher loads compared to those of GFRP laminates. In addition, 

increasing the width of FRP strips for GFRP laminates is more significant than that for CFRP 

in increasing the failure loads. This is due to the better bonding of GFRP which plays an 

important role when sufficient width of laminate is provided. 

4.1.1 Response of Shear Dominant Specimens 

For Group 1 as mentioned in Table 4, the failure load, first shear cracking, and flexural cracking 

loads for beam BGS1 having 30 mm width of GFRP strip, were higher than those of the control 

specimen CBS by 13.7%, 57.1%, and 90%, respectively. Increasing the strip width to 50 mm 

(BGS2), resulted in raising the failure load, first shear cracking, and flexural cracking loads 

over those of the control specimen CBS by 25.7%, 100%, and 110%, respectively. Similarly, 

Beam BGS3 having 100 mm width of GFRP strip, increased these loads by 37%, 136%, and 

140% as compared to control. 

 

For Group 2 as mentioned in Table 4, the failure load, first shear cracking, and flexural 

cracking loads for beam BCS1 having 30 mm width of CFRP strip, were higher than those of 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



14 
 

the control specimen CBS by 20%, 81.4%, and 120%, respectively. Increasing strips’ widths 

to 50 mm (BCS2), resulted in raising the failure load, first shear cracking, and flexural cracking 

loads over those of the control specimen CBS by 29%, 128.6%, and 150%, respectively. 

Similarly, Beam BCS3 having 100 mm width of CFRP strip, increased these loads by 50%, 

171.4%, and 200%, respectively. The increase in the width of strip of GFRP and CFRP played 

a dominant role in improving the loading capacity. Shear causes diagonal tension perpendicular 

to the direction of diagonal crack and increase in the width with fixed length enhanced the 

tensile capacity of GFRP and CFRP. Therefore, the results are incoherent with the response 

and propagation of diagonal crack.  

4.1.2 Response of Flexural Dominant Specimens 

For Group 3 as mentioned in Table 4, the failure load, first shear, and first flexural cracking 

loads for beam BGF1 having one-layer of GFRP, were higher than those of control specimen 

CBF by 11.5%, 5.3%, and 0.7%, respectively. Increasing the number of GFRP layers to two 

(BGF2), resulted in raising the failure load, first shear cracking, and flexural cracking loads 

over those of the control specimen CBF by 27%, 26.3%, and 19.3%, respectively. Similarly, 

Beam BGF3 having three layers of GFRP, increased these loads by 50%, 63.2%, and 48%, as 

compared to control. 

For Group 4 as mentioned in Table 4, the failure load, first shear, and first flexural cracking 

loads for beam BCF1 having one-layer of CFRP, were higher than those of control specimen 

CBF by 26.2%, 10.5%, and 6.9%, respectively. Increasing the number of CFRP layers to two 

(BCF2), resulted in raising the failure load, first shear cracking, and flexural cracking loads 

over those of the control specimen CBF by 50.5%, 36.8%, and 34.5%, respectively. A further 

increase of CFRP layers to three (BCF3), increased these loads by 71.5%, 105.3%, and 86.2%, 

as compared to control. 
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The gain in load carrying capacity after cracking is evident from the above discussion and at 

the same time there is a deflection-hardening response. Thus, loading capacity along with 

ductility is enhanced by the strengthening of LWC beam through GFRP and CFRP. 

 

4.1.3 Crack Pattern 

The crack pattern was marked to provide the necessary information for defining the failure 

mechanism of each specimen as shown in Figure 9. For beams strengthened for shear, the first 

diagonal crack suddenly developed at the mid-depth within the shear span. Diagonal cracks 

were observed parallel to the compression strut, and they propagated toward the loading region 

and supports (see Figure 9). For all flexural specimens, the flexural cracks initiated on the 

tension side in the mid span of the beam, and the cracks propagated upward with increasing 

load. All beams strengthened for flexure exhibited flexural failure with pealing out of bottom 

FRP layers in the specimens BGF1, BGF2, and BCF2 as shown in Figure 9. This is similar to 

the study conducted  in which pealing out of layers of CFRP in some of their NWC concrete 

specimens strengthened with CFRP laminates for flexure was observed [25]. However, the 

loading capacity and deflection-hardening response was observed in all beams strengthened 

for flexural failure. This infers that the peeling out of FRP layers do not hinder in attaining the 

ductile response of LWC beam strengthened through FRP. 

4.2 Load-Deflection Response 

The load-deflection curves for all the beams are shown in Figure 10. The load-deflection was 

approximately linear from zero-load to crack initiation in all the beams. The large reduction in 

stiffness caused by excessive cracking resulted in a relatively large increase in the deflection 

values. Closing to the failure load, the deflection continued to increase, even when the applied 

load was constant. 
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Figure 10 shows that the stiffness and load carrying capacity was increased by increasing the 

width of FRP strips for shear strengthening or increasing the number of FRP layers for flexural 

strengthening. Beam specimens BGS1, BGS2 and BGS3 were strengthened via surface 

attachment of U-shaped GFRP laminates with widths of 30 mm, 50 mm, and 100 mm, 

respectively. Figure 10 (a) shows that the load carrying capacity of specimens BGS1, BGS2 

and BGS3 were higher than that of CBS control specimen, however the deflection was lesser 

at the same load level for beams BGS1, BGS2 and BGS3 by approximately 11%, 18% and 

28%, respectively. Beam specimens BCS1, BCS2 and BCS3 were strengthened via surface 

attachment of U-shaped CFRP laminates with widths of 30 mm, 50 mm, and 100 mm, 

respectively. Figure 10 (a) shows that the load carrying capacity of specimens BGS1, BGS2 

and BGS3 were higher than that of CBS control specimen, however the deflection was lesser 

at the same load level for beams BCS1, BCS2 and BCS3 by approximately 18%, 35% and 

40%, respectively. It can be observed that there is an improvement in stiffness as a result of 

increasing the FRP strip width from 30 mm to 100 mm regardless the type of FRP. However, 

the effect of increasing the width of CFRP strengthening strips on the stiffness of the studied 

beams is slightly higher than that for GFRP strips. To take maximum advantage of FRP 

strengthening, it is recommended to employ the maximum width of FRP for strengthening 

LWC beams for shear. 

Figure 10 (b) shows that beam specimens BGF1, BGF2, and BGF3 were strengthened by 

attaching one, two and three layers of GFRP laminates to the bottom surface of each specimen. 

The load carrying capacity of specimens of BGF1, BGF2 and BGF3 specimens were higher 

than that of CBF control specimen, however the deflection was lesser at the same load level 

for beams BGF1, BGF2 and BGF3 by approximately 18%, 33% and 48%, respectively. Beam 

specimens BCF1, BCF2 and BCF3 were strengthened by attaching one, two and three layers 

of CFRP laminates to the bottom surface of each specimen. The load carrying capacity of 
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specimens of BCF1, BCF2 and BCF3 specimens were higher than that of CBF control 

specimen, however the deflection was lesser at the same load level for beams BCF1, BCF2 and 

BCF3 by approximately 30%, 40% and 52%, respectively. Based on these results, it is inferred 

that that there is an improvement in stiffness as a result of increasing the FRP strengthening 

layers. However, the effect of increasing the number of CFRP layers on the stiffness is more 

significant than that for GFRP layers. As a result, this strengthening technique reduces or 

eliminates the rate of crack formation, delays initial cracking, reduces stiffness degradation 

with residual deflection, and extends the fatigue life of LWC beams. CFRP is the greatest 

alternative for strengthening LWC beams. 

4.3 Crack width 

The crack width was measured using LVDTs as shown in Figure 11. By comparing the crack 

widths of the tested beams at the same load level, it was observed that the crack width was 

decreased with increasing the width of strips or the number of strengthening layers. 

For Shear strengthened beams, the crack widths of beam specimens BGS1, BGS2 and BGS3 

were less than that of CBS control specimen at the same load by approximately 26%, 38% and 

45%, respectively. Similarly, the crack widths of BCS1, BCS2 and BCS3 specimens were less 

than that of CBS control specimen at the same load level by approximately 32%, 51% and 

58%, respectively. For Flexural strengthened beams, the crack widths of BGF1, BGF2 and 

BGF3 specimens were less than that of CBF control specimen at the same load level by 

approximately 9%, 18% and 37%, respectively. Similarly, the crack widths of BCF1, BCF2 

and BCF3 specimens were less than that of CBF control specimen at the same load level by 

approximately 24%, 35% and 48%, respectively. 

These results also show that the crack width was decreased due to the increase in the overall 

beam stiffness as a result of increasing the width of FRP strips or increasing the number of FRP 
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strengthening layers. It can also be observed that Shear strengthened beams with CFRP 

laminates generally had less crack width as compared to the beams strengthened using GFRP 

laminates. The crack width was almost zero in the elastic range of LWC beams strengthened 

through FRP as shown in Figure 11, this is important as reducing the crack width also limit the 

exposure of reinforcement to the deleterious substances like chloride and sulphates. The 

reduction in crack width is also depending on the steel strain which is directly proportional 

with the crack width. The effect on the steel strain through FRP a is discussed as under: 

4.4 Steel Strain 

Figure 12 shows the strain at steel level measured through electrical strain gauges mounted on 

the beam longitudinal reinforcement and stirrups. 

4.4.1. Strain at Longitudinal Reinforcement Level 

Figure 12(a  ( shows the load vs strain at longitudinal steel level for shear strengthened beams. 

It is evident that the strain was increased after strengthening and it depends upon the widths of 

strengthening strips. The strains at failure were below the strain at yielding point of steel. This 

shows that the shear strengthened beams were failed on the higher load, but the mode of failure 

was compression rather than yielding. Strengthening with CFRP has a higher effect on the steel 

strains compared with strengthening with GFRP. In addition, the effect of increasing the widths 

of CFRP strengthening strips on the longitudinal steel strains was more significant than for 

GFRP strips. Figure 12(b) shows the load vs strain at longitudinal steel level for flexural 

strengthened beams. It is evident that the strain was increased after strengthening and it depends 

upon the number of layers of laminates. The strains at failure were higher than the strain at 

yielding point of steel. This shows that the flexural strengthened beams were failed on the 

higher load with the mode of failure was tension. Strengthening with CFRP has a higher effect 

on the steel strains compared with strengthening with GFRP. In addition, the effect of 
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increasing the number of CFRP layers on the longitudinal steel strains was more significant 

than for GFRP layers.    

Based on the preceding discussion, it is clear that FRP strengthening does not change the mode 

of failure; rather, the increased strain, number of fractures, and loading capacity indicate that 

LWC beams are exhibiting symptoms prior to failure. This is especially crucial for shear 

deficient LWC beams to show signs of failure before approaching the brittle failure phase. 

4.4.2 Strain at Stirrups Level 

Figure 13 shows the steel strains in the stirrups of the tested beams at the same load level. The 

steel strains in the stirrups dropped when the widths of strengthening FRP strips or the number 

of strengthening FRP layers increased, as shown in the figure. 

Figure 13 (a) demonstrates that the stirrup steel strains of BGS1, BGS2, and BGS3 specimens 

were smaller than that of CBS control specimens at the same load level by approximately 7%, 

11%, and 18%, respectively, for beams strengthened for shear. Furthermore, at the same load 

level, the steel strains of BCS1, BCS2, and BCS3 specimens were roughly 46 percent, 65 

percent, and 71 percent lower than the CBS control specimen. It's worth noting that the 

reduction in stirrup strain caused by CFRP strip stiffening is nearly 7 times more than that 

caused by GFRP strip stiffening. For GFRP laminates, however, increasing the strip width from 

30 to 100 mm had a greater impact.  

Figure 13 (b) shows that the steel strains of the stirrups of BGF1, BGF2, and BGF3 specimens 

were lower than those of the CBF control specimen at the same load level by about 16 percent, 

25 percent, and 43 percent, respectively, for beams strengthened for flexure. The steel strains 

of the BCF1, BCF2, and BCF3 stirrups, on the other hand, were roughly 36 percent, 65 percent, 

and 84 percent lower than the CBF control specimen at the same load level. The difference 

between the two FRP types on the stirrup's strains is less than the difference between the other 
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examined parameters in the preceding sections, as can be seen from the above values. It may 

conclude that the number of layers is more effective for GFRP laminates as compared to CFRP. 

However, all beams strengthened through GFRP and CFRP demonstrate deflection-hardening, 

reduction in crack width, and longitudinal steel strains. 

5 Comparison of Experimental and Analytical Results 

In the following sections, the predictive equations specified in design codes were used and 

compared with the ultimate load capacity of beams strengthened with FRP laminates. These 

equations are primarily developed for normal weight concrete and comparison of the predictive 

loads with the lightweight concrete beams was performed in this study. The idea is to highlights 

the shortcomings in the existing equations and check whether these can serve for designing 

LWC beams retrofitted by GFRP and CFRP materials.  

5.1 Specimens Strengthened for Shear 

To conveniently investigate the performance of LWC beams shear-strengthened with FRP 

composites, the following simple superposition approach is adopted to evaluate shear capacity 

Vu of the shear-strengthened beams: 

Vu =  Vc + Vs + Vf ,…………………………………………………………. (1) 

Where shear resistance of the concrete and longitudinal steel reinforcements Vc and shear 

capacity of transverse steel reinforcements Vs can be obtained from the test results of control 

beams or calculated via various existing design equations for RC structures. The accurate 

prediction of FRP shear contribution Vf is a key issue for the development of design guidelines. 

Three design codes for NWC, namely, ACI 440.2R-17 [26], the Egyptian Code of Practice 

[27], and International Federation for Structural Concrete fIB-TG9.3 [28] were used to 
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determine the shear capacity in order to calibrate the design equations in these resources with 

the experimental results in this study. 

In [27], the nominal shear strength of the FRP shear reinforcement is given by: 

qfu = Af(Efεef/γf)(sin α + cos α) (df/d)/(Sf ∗ bw) …….……….…..........(2) 

Af = 2 n tfwf  …………..………………………………..…………….……(3) 

Ԑef= 0.75 Ԑfu* ≤ 0.004 ....................................................................................(4) 

εfu
∗ = CEεfu ……………...………………………...……………………...... (5) 

Spacing Sf is less than either d/4 or 200 mm, whichever is smaller; this stipulation is also true 

for the width of the FRP composites measured in the direction of the member axis. 

 

In [26], the shear contribution of the FRP shear reinforcement is given by  

Vf =
AfvFfe(sin α+cos α)dfv

sf
, ...…………….......................................................(6) 

Where 

Afv = 2n tf wf ……..……………..………………………………………..… (7) 

The tensile stress in the FRP shear reinforcement at nominal strength is directly proportional 

to the level of strain that can develop in the FRP shear reinforcement at nominal strength: 

Ffe = ԐfeEf ……………………………………………………….…………..(8) 

The effective strain in the FRP reinforcement is given by 

Ԑfe = min[ kv Ԑfu, 0.75Ԑfu, 0.004 ], …….…………………………....….… (9) 

Where bond-reduction coefficient kv is given by 
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kv =
k1k2Le

11900Ԑfu
 ≤ 0.75 ….......................................…………………………. (10a) 

The bond-reduction coefficient relies on two modification factors, k1 and k2, which account 

for the concrete strength and wrapping scheme, respectively. These modification factors are 

given by 

k1 = (
fc
′

27
)2/3, ………………………………………………………...……(10b)  

Where fc
′ is the compressive strength of lightweight concrete, 

and   k2 =
dfv− Le

dfv
, .......................………………………………….......……….. (10c) 

Where active bond length Le is the length over which most of the bond stresses is maintained; 

this length is given by  

Le =
23300

(n tf Ef)0.58 ……………….……………………….………….…….…(10d) 

In fib-TG9.3 [28], 2001, the shear capacity of a strengthened element is calculated according 

to the EC2 format as follows: 

VRd = Vcd + Vwd + Vfd, ……………….………………………………...… (11) 

Where FRP contribution to the shear capacity Vfd is given by  

Vfd = 0.90 εf,eEfuρfbwd(cot θ +  cot α) sin α............................................(12a) 

εf,e = min [0.65 (
fcm
2/3

Efuρf
)

0.56

x10−3, 0.17 (
fcm
2/3

Efuρf
)

0.30

εfu]…………………(12b) 

Figure 14(a) shows a comparison between the experimental results and the three analytical 

models described above. Equations (2–5) [27] were used to compute  qfu, Equations (6-10) 

[26]) were used to compute Vf, and Equations 11 to12b [28] were used to compute Vfd. The 
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failure loads of each test beam specimen were predicted using the above design codes and 

compared with the measured experimental values. Since, these codes are not calibrated for the 

LWC beam, there will be a deviation of analytical models from experiment. This evident in 

Figure 14. It can be seen from Figure 14(a) that all the analytical models underestimate the 

prediction of failure loads compared to their counterparts obtained experimentally to different 

degrees. Figure 14(b) presents the effect of the width of the GFRP and CFRP strips on the 

analytical results. It was noticed that the ACI 440.2R-17 [26]  code is more compatible with 

the experimental results while the ECP 208-2005 [27], fIB-TG9.3 [28] codes are more 

conservative. 

5.2 Specimens Strengthened for Flexure 

In ECP 208-2005 [27], determining the strain level in the FRP reinforcement at the ultimate 

moment of the cross section is important. The value of the strain permitted in FRP laminates 

at section failure (εfe) is governed by the strain level developed in the FRP at the point at which 

concrete crushes, the FRP ruptures, or the FRP debonds from the substrate. The value of this 

strain is calculated by  

εfe =  εcu (
h−c

c
) − εbi ≤  kmεfu

∗ , …………………..……………...… (13) 

Where  εfu
∗  = CE εfu , ………………………………...…………………….………(14) 

And   CE equals to 0.95.  

ffe = Ef εfe/ γf …………………………………….…………………….… (15) 

The calculation procedure used to determine the ultimate flexural strength of the cross sections 

strengthened with externally bonded FRPs should satisfy the compatibility and equilibrium 

conditions and consider the governing failure mode. Such a procedure requires a trial-and-error 

method to ensure the compatibility and equilibrium requirements are satisfied. The values of 
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the strains and stresses that develop in the reinforcing steel are calculated by the following 

equations using a trial-and-error method: 

εs =  (εfe + εbi) ∗ (
d−c

h−c
) ………………………………………....….. (16) 

fs =  Esεs  ≤  fy/γs………………………………….……...…….…......… (17)  

The depth of the equivalent rectangular stress block of the compressed concrete is calculated 

by: 

a =  
Asfs+Afffe 

(0.67 fcu∗b)/γc
 ………………………...…………….…...................  (18) 

The ultimate flexural moment is calculated by: 

Mu = Asfs (d −
a

2
) + Afffe (h −

a

2
) ………………………….………....… (19) 

The ultimate load Pu  for two-point loading is calculated by  

   Pu = 
2Mu

X
 …………………………………..…………...……….…….…...(20) 

Where X is the distance between the supports and the loading point in mm. 

In ACI 440.2R-17 [26], according to the strain distribution, for any assumed depth to the 

neutral axis c, strain level in the FRP Ԑf can be computed using the following: 

Ԑf=Ԑcu (
h−c

c
)  ≤ Ԑfu………………………………..……………….….  (21) 

Stress level in the FRP ff can be calculated from the strain level in the FRP, assuming elastic 

behaviour: 

ff=EfԐf , ………………………………………………….….……….……. (22) 

and strain level in steel under tension Ԑs can be calculated by 
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Ԑs=Ԑf (
d −c

h−c
)…………………………………...……………………………(23) 

Additionally, for steel under compression, the strain level can be calculated by 

Ԑs`=Ԑf (
d` −c

h− c
)………………….……………...…………………………….(24) 

Stress level in steel fs is calculated from the strain level in steel, assuming elastic-plastic 

behaviour: 

fs=EsԐs ……………….………………………………….……………...….)25( 

Internal force equilibrium may be checked using 

C = 
Asfs+ Afff+ As`fs` 

.85fc`β1b
, …………………………………………….……....   (26) 

Where β1 = 0.8 for concrete with a compressive strength of 35 MPa. Actual neutral axis depth 

c is found by simultaneously satisfying Eqs. 21, 24 and 26, thereby establishing the internal 

force equilibrium and strain compatibility. The nominal flexural strength of the section with 

FRP external reinforcement Mu can be computed using  

Mu = Asfs (d- β1c

2
) +  ΨAfff (h- β1c

2
) + As`fs` (d`- β1c

2
), …..………………...(27) 

Where Ψ = 0.85. Ultimate load Pu  for two-point loading is calculated by 

Pu = 
2Mu

X
…………………………………...….…………………..……...   (28)  

In fib-TG9.3 [28], according to the steel yielding/concrete crushing failure mode, which is the 

most desirable mode, failure of the critical cross section occurs by the tensile steel 

reinforcement yielding followed by concrete crushing, while the FRP remains intact. The 

design bending moment of the strengthened cross section is calculated based on RC design 

principles. Firstly, neutral axis depth x is calculated from the strain compatibility and internal 
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force equilibrium, and then the design moment is determined based on the moment equilibrium. 

The analysis should consider that the RC element may not be fully unloaded when 

strengthening occurs, and hence, initial strain ε° in the extreme tensile fibre should be 

considered. The design bending moment capacity can be calculated using the following 

approach.   

1- Calculate neutral axis depth x as follows: 

0.85 ψ fcdb x + As2Esεs2 =  As1fyd + AfEfuεf, ………………….…….... (29) 

Where ψ = 0.8 and 

εs2 =  εcu  
x− d2

x
 ……………………………………………………….…... (30) 

and   (Esεs2 not to exceed Fyd) 

εf =  εcu  
h− x

x
− ε° …………………………………………….…….…. (31) 

2- Design the bending moment capacity as follows: 

MRd =  As1fyd(d −  δG x) + AfEfεf(h −  δGx) +  As2Esεs2 (δGx −  d2), ………. (32)  

Where  δG = 0.4. 

Ultimate load Pu  for two-point loading is calculated by 

Pu = 
2MRd

X
   ……..………………………….............................................................(33) 

 

Figure 14(c) shows a comparison between the experimental results and the three analytical 

models obtained from the design codes. Equations (13–20) (ECP 208-2005) [27], Equations 

21-28 ACI 440.2R-17 [26]), and Equations 29-33 (fIB-TG 9.3) [28] were used to compute the 

flexural moment and failure loads of the strengthened specimens. The failure loads of the test 
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beam specimens were predicted by the design codes for NWC and compared with the measured 

values for LWC. While Figure 14(d) shows the accuracy of the analytical models when taking 

the number of layers into consideration for GFRP and CFRP versus the experimental results. 

It can be noticed from Figures 14(c) and 14(d) that the ACI 440.2R-17 [26], FIB-TG9.3 [28] 

codes are more compatible with the experimental results while the ECP 208-2005 code [27] is 

more conservative in predicting the ultimate load and it is not accurate in predicting the failure 

load when taking the number of FRP layers into account. 

6. Conclusions 

The effect of strengthening of LWC beams containing polystyrene beads using GFRP and 

CFRP laminates on the flexural and shear behaviour of studied beams was evaluated 

experimentally. The studied parameters were varying width of FRP wrapping for shear and 

number of FRP layers for flexure. In addition, the equations currently used in the design codes 

were compared with the experimental work to check their validity for LWC beams 

strengthened using FRP laminates. The conclusions drawn from this study are as follows: 

1. The increase in the width of the GFRP and CFRP strip had a significant impact on the 

loading capacity. LWC Beams strengthened for flexure showed an increase in load 

carrying capacity and deflection-hardening response. As a result, the strengthening of 

LWC beams using GFRP and CFRP improves loading capacity and ductility. 

2. For shear strengthening LWC beams, it is recommended to use the maximum width of 

FRP. 

3. The use of GFRP and CFRP strengthening techniques slows or stops the growth of 

cracks, delays initial cracking, lowers stiffness deterioration due to residual deflection, 

and increases the fatigue life of LWC beams. CFRP, on the other hand, is the best option 

for strengthening LWC beams. 
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4. The increased strain, number of fractures, and loading capacity caused by FRP 

strengthening do not modify the mode of failure. However, LWC beams were 

exhibiting visible sign through deformation at the verge of failure. 

5. It's also possible to deduce that the number of layers in GFRP laminates is more 

effective than in CFRP laminates. On the other hand, all beams strengthened through 

GFRP and CFRP demonstrate deflection-hardening, reduction in crack width, and 

longitudinal steel strains. 

6. With increasing the widths of strengthening strips or the number of strengthening 

layers, the longitudinal steel strain and stirrups' strain reduced. Furthermore, CFRP 

flexure strengthening is more effective than shear strengthening in lowering 

longitudinal steel strains. When GFRP laminates are compared to CFRP laminates, the 

effect of increasing the number of FRP layers is more important in lowering 

longitudinal strain.  

7. For the experimental work carried out in this study, predicted results using ACI 440.2R-

17 [26] design code equations were in close agreement to the shear specimens’ 

experimental results while the ECP 208-2005 [27] and fIB-TG9.3 codes [28] were more 

conservative. The situation was different for flexure specimens that the ACI 440.2R-17 

[26], fIB-TG9.3 design codes [28] were more compatible with the experimental results 

while the ECP 208-2005 [27] code was more conservative. 
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TABLE 1 DETAILS OF BEAM SPECIMENS 

Group Beam 
ID 

FRP 
Type 

No. of 
layers at 

the 
bottom 

FRP 
Width 
(mm) 

Longitudinal 
steel Stirrups 

Main Upper Between 
loads 

Between 
load & 
support 

Control 
CBS - - - 4Ø18 2Ø12 Ø6@ 140mm 

CBF - - - 2Ø10 
 

2Ø10 Ø8@ 
200mm 

Ø8@ 
100mm 

Shear 
group 

(1) 
BGS1 

GFRP 

- 30 

4Ø18 
 

2Ø12 
 

 
 

Ø6@ 140mm 
BGS2 - 50 

BGS3 - 100 

(2) 
BCS1 

CFRP 

- 30 

BCS2 - 50 

BCS3 - 100 

Flexura
l group 

(3) 
BGF1 

GFRP 

1 - 

2Ø10 2Ø10 Ø8@ 
200mm 

Ø8@ 
100mm 

BGF2 2 - 

BGF3 3 - 

(4) 
BCF1 

CFRP 

1 - 

BCF2 2 - 

BCF3 3 - 
 
 

Table 2 Physical Properties of Polystyrene Beads 
 

Apparent density (kg/m3) 12.13 

Specific density (kg/m3) 18.5 

Compactness (%) 65.57 

Porosity (% 34.43 

Thermal conductivity λ (W. m-1. K-1) 0.028 

Thermal diffusivity a (mm2 /s) 1.23 

Specific heat c (MJ. m-3. K-1) 0.022 
 
 
 

Table Click here to access/download;Table;tables.docx

https://www.editorialmanager.com/cstr/download.aspx?id=36355&guid=2e946931-1128-4dbf-b09a-3fc3740a54ec&scheme=1
https://www.editorialmanager.com/cstr/download.aspx?id=36355&guid=2e946931-1128-4dbf-b09a-3fc3740a54ec&scheme=1


 
 

 

Table 3 Mix Proportion of Concrete  

Materi0als Cement 
(kg/m3) 

Sand 
(kg/m3) 

Gravel 
(kg/m3) 

w/c 
ratio 

Super- 
plasticize 

(L/m3) 

Silica 
fume 

(kg/m3) 

Polystyrene 
beads (kg/m3) 

Quantity 450 630 630 0.308 13.5 40 30 
 
 
 
Table 4 Load at First Shear Crack, First Flexural Crack and at Failure 

Group Specimen Failure 
load (kN) 

First 
shear 

cracking 
load (kN) 

First 
flexural 
cracking 
load (kN)  

Percentage 
Load 

carried 
from first 
crack to 

failure (%) 

Control 
CBS 173 70 50 71 

CBF 44.2 19 14.5 67.2 

Shear 
groups 

Group 
1 

BGS1 196.7 110 95 51.7 

BGS2 217.4 140 105 51.7 

BGS3 237.3 165 120 49.4 

Group 
2 

BCS1 207 127 110 946. 

BCS2 223.2 160 125 44 

BCS3 259.6 190 150 42.2 

Flexural 
groups 

Group 
3 

BGF1 49.3 20 14.6 70.4 

BGF2 56.1 24 17.3 69.1 

BGF3 66.1 31 21.5 67.5 

Group 
4 

BCF1 55.8 21 15.5 72.2 

BCF2 66.5 26 19.5 70.7 

BCF3 75.8 39 27 64.4 

 



 
 

a. Reinforcement details and strain gauges’ positions for beams tested in flexure 
 

b. Reinforcement details and strain gauges’ positions for beams tested in shear 
Figure 1 Details of beam specimens 

Figure Click here to access/download;Figure;Figures-1.pdf

https://www.editorialmanager.com/cstr/download.aspx?id=36356&guid=30db952a-301a-48c6-addf-fff2fc2ccb7e&scheme=1
https://www.editorialmanager.com/cstr/download.aspx?id=36356&guid=30db952a-301a-48c6-addf-fff2fc2ccb7e&scheme=1


 
 

 

 
Figure 2 Polystyrene Beads 

 
 
 
 

 
 

Figure 3 Steel reinforcement of specimens in formwork 
 
 



 
 

 
Figure 4 Attaching the FRP layers on bottom surface of studied beams 

 

 
 

Figure 5 U-shape FRP wrapping 
 



 
 

 
 

 
 

a) Beam specimen strengthened for flexure 
 
 
 
 

 
 

b) Beam specimen strengthened for shear 
 

Figure 6 Test setup and loading positions for test beam specimens 
 
 
 
 
 



 
 

 
 

a) Testing setup for beams strengthened for flexure 
 
 
 
 
 

 
 

   
  

 
 
 
 
 
 
 
 
 
 
 

b) Testing setup for beams strengthened for shear 
 

 
 

Figure 7 LVDT arrangement for crack width measurements in studied beams 
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a) Testing setup for beams strengthened for flexure 
 
 
 
 
 
 
 
 
 

   
 

 
 
 
 
 
 
 
 
 

b) Testing setup for beams strengthened for shear 
 

Figure 8 LVDT arrangement for deflection measurements in studied beams 
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a) Control beam for shear 

b) BGS1 
 

c) BGS2 



 
 

d) BGS3 
 

 

 
e) BCS1 

 

 
f) BCS2 



 
 

 
g) BCS3 

 

h) Control beam for flexure 

 

 
i) BGF1 

 

 



 
 

j) BGF2 

 

 

k) BGF3 
 

 

l) BCF1 



 
 

 

m) BCF2 

 

 

 

 

n) BCF3 

Figure 9 Crack patterns of all beam specimens 

 

 

 
 



 
 

  

a) Load- Deflection curves for shear specimens 
 

 
 
 
 
 

 

  

b) Load- Deflection Curves for flexural specimens 
 

 
Figure 10 Load-deflection curves for all beam specimens 
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a) Load- crack width curves for shear specimens 
 
 
 
 
 

  
 
 

b) Load- crack width curves for flexural specimens 

 

Figure 11 Load-crack width curves for all beam specimens 
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a)  Load- stirrup steel strain curves for Shear specimens 

 

 
 
 

 

  
 

b)  Load-main steel strain curves for the flexural specimens 

 

Figure 12 Load-steel strain curves for all specimens 
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a) Load-stirrups strain for shear specimens

b) Load- stirrup steel strain curves for flexural specimens

Figure 13 Load-steel strain curves for all specimens 
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a) Specimens strengthened for shear

b) Effect of the width of the GFRP and CFRP strips on the analytical results

BGS1 BGS2 BGS3 BCS1 BCS2 BCS3
EXP 196.7 217.4 237.3 207 223.2 259.6
ACI 440.2R-17 [26] 183.01 189.68 206.35 196.16 211.59 250.18
FIB-TG9.3 [28] 180.99 183.00 186.56 184.55 187.46 192.62
ECP 208-2005 [27] 177.57 178.85 181.61 182.91 186.53 192.93

0

50

Lo
ad

, K
N

 EXP ACI 440.2R-17 [26]      FIB-TG9.3 [28] 
300

250

200

150

100

ECP 208-2005 [27]

BGS1 BGS2 BGS3 BCS1 BCS2 BCS3
Ana /Exp = 1 1 1 1 1 1 1
ACI 440.2R-17 [26] 0.930 0.872 0.870 0.948 0.948 0.964
FIB-TG9.3 [28] 0.920 0.842 0.786 0.892 0.840 0.742
ECP 208-2005 [27] 0.903 0.823 0.765 0.884 0.836 0.743

0

0.2

0.4

0.6

0.8

1

1.2

Pa
na

 /P
ex

p

Ana /Exp = 1
ACI 440.2R-17 [26] 
FIB-TG9.3 [28] 
ECP 208-2005 [27]



c) Specimens strengthened for flexure

d) Effect of the number of layers of GFRP and CFRP strips on the analytical results

Figure 14 Comparison between experimental results and those predicted by design guidelines equations 
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ACI 440.2R-17 [26] 45.41 53.303 60.18 51.38 61.79 72.71
FIB-TG9.3 [28] 41.07 54.38 64.97 57.935 78.48 92.94
ECP 208-2005 [27] 42.6 44.08 45.52 44.54 47.89 51.17
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