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Abstract 

This study aims to assess the behaviour of Reinforced Concrete (RC) beams strengthened in flexure with a com-
posite layer of strain-hardening geopolymer composites (SHGC) and Fiber Reinforced Polymer (FRP) textiles. One 
unstrengthened reference beam and ten strengthened beams were tested under static loading conditions. The tested 
beams had similar dimensions: a total depth of 250 mm, a width of 200 mm, a total length of 2400 mm and a clear 
span of 2200 mm. The textile-reinforced mortar (TRM) strengthening was applied in the form of either externally 
bonded (EB) or hybrid near surface embedded and externally bonded (NSEEB) technique. Thus, before the strength-
ening applications, longitudinal grooves were created in the soffit of nine beams: in eight beams, a groove 
with a depth of 25 mm and a width of 100 mm was created, whereas, in one beam, two grooves with a depth 
of 25 mm and a width of 50 mm were made. This study compares three types of strengthening mortars: ordinary 
cementitious mortar (OM), strain-hardening cementitious composites (SHCC), and SHGC. Embedded into the mortar, 
either null, one, two or three layers of textile reinforcement were provided. The mortar reinforcement was either steel, 
GFRP or CFRP. The test results showed that the application of SHGC in the form of the NSEEB technique increased 
the ultimate load and ductility of the strengthened beams. With the strengthening of NSEEB–SHGC, the improve-
ment in the ultimate capacity reached about 67%. Finally, a flexural capacity model was proposed that agreed 
with the experimental results.

Keywords  Strengthening, Flexure, Concrete, Beams, Strain hardening cementitious composites (SHCC), Strain 
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1  Introduction
There are many existing systems for the strengthen-
ing of RC flexural members. In the last years, the Fiber 
Reinforced Polymers (FRP) has attracted many concerns 
(Imjai et al., 2022). The main advantages of the FRP are 

ease of application, the high strength-to-weight ratio and 
high resistance to corrosion, (Dai et al., 2005; Imjai et al., 
2023). Despite its advantages, the Externally Bonded (EB) 
FRP systems typically bonded with epoxy show poor fire 
resistance and limited compatibility with concrete in 
moist environments (Bisby et al., 2005). In addition, the 
debonding-controlled failure between the EB-FRP and 
the concrete substrates is a critical issue (Lu et al., 2005). 
The debonding often occurs at the cutoff or crack loca-
tions (intermediate crack debonding (IC)) (Imjai et  al., 
2016; Lu et al., 2005).
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Fabric-reinforced cementitious matrix (FRCM) has 
been proposed to avoid the problems of EP-FRP strength-
ening. FRCM consists of FRP textile grids embedded into 
a cementitious matrix (bonding material). Polymer-mod-
ified cementitious mortar or ordinary cementitious mor-
tar were used as cementitious bonding matrices in the 
FRCM system (Gonzalez-Libreros et al., 2017b). Several 
experimental investigations have been conducted to fig-
ure out the feasibility of the FRCM strengthening system 
for flexural/shear strengthening of RC beams (Aljazaeri 
et  al., 2019; Elsanadedy et  al., 2013; Gonzalez-Libreros 
et  al., 2017a; Tetta et  al., 2018; Wakjira & Ebead, 2019), 
slabs (Kadhim et al., 2022) and columns (Colajanni et al., 
2014; Faleschini et al., 2020; Napoli & Realfonzo, 2020). 
As presented in previous work, the ultimate tensile strain 
of the FRP embedded into the FRCM is less than that 
bonded with the epoxy (Gonzalez-Libreros et al., 2017a). 
This is owing to the brittleness of the ordinary cementi-
tious mortars. In addition, the failure of FRCM strength-
ening commonly takes place due to fabric slippage from 
the bonding matrix or debonding from the concrete sub-
strate (Giese et al., 2021).

Strain Hardening Cementitious Composites (SHCC) 
belong to the high-performance fiber-reinforced cemen-
titious composites (HPFRCC). The strain capacity of 
SHCC under tensile loads ranges between 2 and 10% 
(Li, 1993; Li et  al., 2001), in addition to, the advantages 
of high tensile strength, fracture energy and improved 
cracking behaviour (Hassan et  al., 2022; Li, 2003; Liu 
et  al., 2017). Elements strengthened with SHCC layers 
have excellent corrosion resistance owing to the inva-
sion of the corrosive media with SHCC protection, which 
generally experiences a favorable multiple microcrack-
ing behaviour under tension (Sahmaran et  al., 2015). 
Recently, the FRP grid-reinforced SHCC matrix has been 
proposed as an efficient strengthening system (Ye et al., 
2021; Zheng et al., 2018). Instead of traditional mortars, 
SHCC could be employed as a bonding matrix to avoid 
the interface debonding between the strengthening mor-
tar and concrete substrate (Pan et  al., 2022). In addi-
tion, using the SHCC as the bonding matrix overcomes 
the low ductility of traditional cementitious mortars, 
accordingly, a full utilization of the FRP strength could 
be achieved (Pan et al., 2022). In addition, the FRP rein-
forcement improves both the strength capacity and fail-
ure toughness of the cementitious composites (Pan et al., 
2022). To date, several research has been conducted to 
assess the feasibility of FRP–SHCC as a flexural strength-
ening composite system. The investigated parameters 
were the form of application (i.e., cast-in-place layer or 
precast plates), the thickness of the layer, the reinforce-
ment in the layer (ratio and type), the reinforcement ratio 
of the strengthened member and the treatment method 

of the concrete substrate (Pan et al., 2022). As reported 
in previous studies, good surface treatment played an 
important role in achieving effective strengthening (Yang 
et al., 2018). In addition, the use of SHCC at the tension 
zone increased the moment capacity owing to the tensile 
hardening of the SHCC (Wei et  al., 2020). The numer-
ous advantages of SHCC paved the practical application 
for strengthening/repairing many structures (Kunieda 
and Rokugo, 2006; Li, 1998). However, the cement-based 
composites (SHCC) exhibits high carbon emissions, 
owing to the high cement dosage in SHCC mixtures. 
Thus, strain-hardening geopolymer composites (SHGC) 
are developed that could be a good alternative to the 
cement-based SHCC (Duxson et al., 2007a, 2007b; Kong 
& Sanjayan, 2010; Li et  al., 2004; Sagoe-Crentsil et  al., 
2013).

Like SHCC, SHGC can exhibit multiple fine cracks in 
conjunction with high strain capacity and ductility at ulti-
mate load under tensile loads (Koutas & Papakonstanti-
nou, 2021; Lee et al., 2012; Nematollahi et al., 2014, 2015; 
Peng et al., 2022; Shaikh, 2013; Shen et al., 2021). Moreo-
ver, the SHGC has acid and fire resistance higher than the 
SHCC (Kong & Sanjayan, 2010). Razak et al. (2021) and 
Al Saffar et al. (2020) investigated the behaviour of geo-
polymer composites under the influence of high temper-
atures and fire. The geopolymer composites showed very 
great capabilities to withstand high temperatures. The 
capability of geopolymer composites may reach 900, 1200 
degrees Celsius (Al Saffar et al., 2020; Razak et al., 2021). 
This made the geopolymer composites on the platform of 
the construction of buildings that can be used in many 
applications that are subject to high temperatures or fires 
compared to ordinary cement-based mortar.

The effect of FRP–SHGC strengthening on the flexural 
behaviour of RC beams has not been studied widely and 
needs more investigation. Thus, the current study aims to 
evaluate the adequacy of a composite layer of the FRP–
SHGC for improving the flexural behaviour of RC beams. 
The studied parameters were the bonding mortar, the 
strengthening technique (NSEEB or EB), the type of tex-
tile reinforcement and the number of textile layers. The 
test results in terms of failure mode, ultimate capacity, 
load–deflection response, load–strain response and the 
maximum crack width readings are presented and dis-
cussed. Besides, an analytical investigation was carried 
out to calculate the flexural capacity of the TR-SHGC 
strengthened beams.

2 � Experimental Work Program
2.1 � Description of the Test Program
Experimental tests were carried out on eleven RC beams; 
one unstrengthened beam and ten strengthened beams. 
Fig. 1 shows the shape, dimensions, reinforcement details 
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and strengthening details of the studied beams. All 
beams were similar in geometrical dimensions and inter-
nal steel reinforcement. The beams had a total length and 
an effective span of 2400 and 2200 mm, respectively. The 
beams had a width and a total depth of 200 and 250 mm, 
respectively. The concrete cover of the tension steel rein-
forcement was 30 mm. The longitudinal reinforcement of 
the beams consisted of 2  T 12  mm and 2  T 10  mm for 
the tension and compression reinforcement, respectively. 
The used tension reinforcement ratio (0.45%) ensures a 
tension-controlled failure mode according to the current 

ACI 318 (2019). Each shear zone was provided with stir-
rups of 10  mm diameter spaced at 100  mm (center-to-
center spacing). Whereas, at the constant moment zone, 
the spacing of stirrups was 200 mm.

Table 1 lists the parameters of the study. As shown in 
the table, the experimental program involved a control 
beam (unstrengthened) and ten strengthened beams. 
Fig.  1 shows the details of the used strengthening. As 
shown in Fig.  1, the strengthening was applied in the 
form of either the NSEEB or EB technique. The strength-
ening layer provides an additional thickness of 20  mm 

Fig. 1  Details of the tested beams.
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to the beam’s depth. The length of the strengthened 
part was constant for the strengthened beams, which 
was 2000  mm. Before the strengthening applications, 
grooves were created in the soffit of nine beams. These 
grooves provide an additional contact area between the 
strengthening and the concrete substrate. A longitudinal 
groove with a depth of 25  mm and a width of 100  mm 
was created in eight beams. As for beam BGM-G2-C2, two 
grooves were created with a depth of 25 mm and a width 
of 50 mm. The created grooves represent the half of the 
concrete cover at the beam’s soffit, following the proce-
dure of Wakjira and Ebead (2018). For comparison, in one 
beam, the strengthening was applied in the form of an EB 
technique, thus, the surface of this beam (beam BGM-F-C2) 
was kept flat without grooves. The TRM strengthening 
system consists of a bonding mortar provided with textile 
reinforcement. In this work, the effect of three types of 
mortars was evaluated, namely; OM, SHCC and SHGC. 
Embedded into the strengthening mortar, either null, 
one, two or three layers of textile reinforcement were 
provided. The used textile reinforcement was either steel, 
GFRP or CFRP. Fig. 1 shows the arrangement of the tex-
tile layers inside the strengthening layer.

As presented in Table 1, the unstrengthened beam was 
designated by the letters “BC”. On the other hand, the 
strengthened beams were given the letter “B” followed 
by three symbols. The first refers to the type of mor-
tar (OM = ordinary cementitious mortar; SC = SHCC; 
SG = SHGC). Where the second symbol refers to the 
surface condition (F = flat surface; G1 = surface with one 
groove; G2 = surface with two grooves). Finally, the last 
symbol refers to the type and number of the textile rein-
forcement layers (0, S, G and C = without reinforcement, 
Steel grid, GFRP textile and CFRP textile, respectively, 
where 1, 2 and 3 = the number of the textile layers). For 
instance, the designation “BGM-G1-C2” refers to a test beam 
having a surface with a longitudinal groove and strength-
ened with a layer of strain-hardening geopolymer com-
posites provided with two layers of the CFRP-textile.

2.2 � Properties of Materials
2.2.1 � Concrete
Table 2 lists the proportions of the used mixture. As shown 
in Table 2, the proportions of the mixture for every cubic 
meter were 350, 530, 1300 and 175 kg for ordinary Portland 
cement, sand (fine aggregate), crushed limestone (coarse 

Table 1  Description of test specimens.

Group Beam’s designation Bonding mortar Surface condition Mortar reinforcement Studied parameter

Type No. of layers

Control BC – Flat – – Reference

Group I BOM-G1-C2 OM With one groove CFRP Two Type of mortar

BCM-G1-C2 SHCC With one groove CFRP Two

BGM-G1-C2 SHGC With one groove CFRP Two

Group II BGM-F-C2 SHGC Flat surface CFRP Two Surface condition

BGM-G1-C2 SHGC With one groove CFRP Two

BGM-G2-C2 SHGC With two grooves CFRP Two

Group III BGM-G1-S2 SHGC With one groove Steel Two Reinforcement type

BGM-G1-G2 SHGC With one groove GFRP Two

BGM-G1-C2 SHGC With one groove CFRP Two

Group IV BGM-G1-0 SHGC With one groove – – Number of FRP layers

BGM-G1-C1 SHGC With one groove CFRP One

BGM-G1-C2 SHGC With one groove CFRP Two

BGM-G1-C3 SHGC With one groove CFRP Three

Table 2  Mix proportions of the used concrete, ordinary mortar and SHCC for cubic meter (kg/m3).

Material Cement Sand Coarse 
aggregate

Silica fume Fibers 
(volumetric 
ratio)

Superplasticizers Water Water-to-
binder 
ratio

Concrete 350 530 1300 – – – 175 0.50

OM 750 1350 – – – 20 225 0.30

SHCC 1342 157.9 – 237 16.20 (2.0%) 31.6 312.1 0.20
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aggregate) and water, respectively. According to ASTM 
C39/C39M (2020), during the fabrication of the test speci-
mens, three standard concrete cylinders were sampled for 
the compressive test. The cylinder had a diameter of 150 
and a height of 300 mm. At the same time as the studied 
beams’ testing, the compressive tests were performed on 
sampled cylinders. The mean compressive strength of the 
used concrete was 34.9 MPa.

2.2.2 � Strengthening Mortars
Three different mortars were employed in the strengthen-
ing of the beams. Tables 2 and 3 show the mix proportions 
of these mortars. The proportions of ordinary cementi-
tious mortar (OM) were selected following the recommen-
dations of Baiee et  al. (2017). The mix proportions were 
1350 kg/m3 of sand having a diameter of less than 0.2 mm, 
750  kg/m3 of ordinary Portland cement and 225  L/m3 of 
water.

The proportions of the SHCC mixture are shown in 
Table  2. As recommended in several previous research 
(Ellithy et al., 2024; Li, 2003) cement type I and Silica fume 
were used as binder materials. The silica fume-to-cement 
ratio of was 18% (by weight). Fine sand with a nominal 
maximum size (N.M.S = 0.2 mm) was utilized. The water-
to-binder material ratio (W/B) was 20% (by weight). High-
strength polypropylene (PP) fibers (Vf = 2%) were used to 
improve the tension strength of the mortar. As presented in 
the manufacturer’s datasheet, the fiber’s aspect ratio, diam-
eter and length were 480, 25 μm and 12 mm, respectively.

In general, SHGC is composed of solid source materials 
alongside an activator solution that acts as the dissolving 
agent. As recommended by Shaikh et  al. (2018), the mix 
proportions of the solid source materials and the activators 
(alkali source) used in the study are shown in Table 3. The 
solid source materials were the Fly Ash (FA) and Ground 
Granulated Blast Furnace Slag (GGBS). The activator solu-
tion consisted of sodium silicate and sodium hydroxide 
with a molarity of 16. The ratio of the sodium silicate to the 
sodium hydroxide (Na2Sio3/NaOH) equals 2.5. To prepare 
the activator, the solution of the sodium hydroxide was pre-
pared, after 24 h, the sodium silicate was added to this solu-
tion and then left for 3 h to cool down before the mixing 
process. In the mixing process, the fly ash, slag, sand and 
alkali activators were mixed for approximately 3  min. In 
addition, PP fibers with a volume fraction of 2% were added 
to the wet mixture.

During the strengthening application, samples from 
the used bonding mortars were prepared to obtain their 
mechanical characteristics. The uniaxial compressive test 
was carried out on six standard cylinders of 50 mm diam-
eter and 100 mm height, as per JSCE (2008). The compres-
sive strengths of the OM, SHCC and SHGC were 35.01, 
55.81 and 48.20  MPa, respectively. Meanwhile, according 
to Shaikh et al. (2018) recommendations, the uniaxial ten-
sile behaviour of the used mortars was assessed by test-
ing six samples each. The dimensions of the specimens 
are shown in Fig. 2 (Shaikh et al., 2018). The samples had 
a total length of 500 mm and a cross-sectional area of 20 
× 100 mm2. Two steel plates were fixed at the ends of the 
test sample to hold the test specimen. The overlap between 
the test sample and the steel plates was 100 mm. Two strain 
gauges (50 mm gauge length) were bonded in the middle of 
the sample to measure the tensile strain. The samples were 
tested in a displacement control loading manner under a 
strain rate of 10–4 strain/second (Shaikh et al., 2018). Sam-
ples of the failure mode of the tested specimens are shown 
in Fig.  2b. As shown in the figures, the specimen of the 
OM demonstrated a localized cracking mode, whereas the 
strain-hardening mortars (SHCC and SHGC) developed 
multiple cracks before failure. Samples of the obtained 
stress–strain relationships are plotted in Fig.  2c. In addi-
tion, Table 4 summarizes the obtained results of the tested 
samples. The average ultimate tensile strengths for the 
tested OM, SHCC and SHGC specimens were 3.50, 6.62 
and 7.21 MPa, respectively. The improved tensile strength 
of the SHGC material is owing to the replacement of the 
cement in SHCC with other admixtures to form the eco-
friendly SHGC.

The bond strength between the substrate concrete and 
the strengthening material is one of the main important 
issues. Following ASTM C882 (1999), slant shear tests were 
carried out on three standard cylinders for each. The total 
height of the tested cylinders was 200 mm and the diam-
eter was 100 mm. First, the bottom half of the cylinder was 
filled with the used concrete mixture. Before the applica-
tion of the mortar, the concrete interface was cleaned using 
a rotary brush, and then, the mortar was cast over a water-
saturated substrate. At the test date of the beam specimens, 
the slant test specimens were crushed under a compression 
test machine. The slant shear strength of the used mortars 
is summarized in Table 4. As shown in Table 4, the SHGC 
had the highest strength compared to the OM and SHCC. 
The mean strength of the OM, SHCC and SHGC were 4.47, 

Table 3  Mix proportions of the used SHGC for cubic meter (kg/m3).

Slag Flay ash Sand Water NaOH Na2SiO3 Superplasticizers Fibers (volumetric ratio)

400 600 150 100 100 250 10 16.20 (2.0%)
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10.20 and 14.60 MPa, respectively. These results reflect the 
higher bond strength of the SHGC than the other mortars.

2.2.3 � Internal Steel Reinforcement
For the used types of steel bars, the uniaxial tensile 
test was mounted on three standard steel samples per 

each. For the bars with a diameter of 10 mm, the yield 
strength (fy) and ultimate tensile strength (fult) were 535 
and 660 MPa, respectively. As for the bars with a diam-
eter of 12  mm, the yield strength and ultimate tensile 
strength were 560 and 680 MPa, respectively.

2.2.4 � Textile Reinforcement
In this investigation, three types of textile reinforce-
ment were used; steel mesh, GFRB textile and CFRB 
textile. Fig. 3 shows samples of the used grid reinforce-
ment. As obtained from the manufacturer’s datasheet, 
the summary of the used textiles properties is pre-
sented in Table 5. The textiles were selected to achieve 
nearly the same tensile load capacity for every layer.

Fig. 2  Details of the tensile test for the used mortars.

Table 4  Summery of mortars’ test results.

Mortar type Compressive 
strength 
(MPa)

Tensile strength (MPa) Slant shear 
strength 
(MPa)First cracking Ultimate 

strength

OM 35.01 3.50 3.50 4.47

SHCC 55.81 4.54 6.62 10.20

SHGC 48.20 5.15 7.21 14.60

Fig. 3  Samples of the used textiles.
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2.3 � Strengthening Application
Fig.  4 shows the steps of the strengthening application. 
At the age of 28 days after concrete casting, the strength-
ened beams were turned over (i.e., the bottom surface 
was upward). The grooves were created using a slitting 
machine based on the strengthening regime. Then the 
beam’s substrate surface was roughened using a rotary 
brush and cleaned with an air compressor. A wooden 
formwork was fixed into both sides of the beams. After 
mixing the mortar, the first layer of the used mortar was 
cast on the strengthened area, and then the first layer 
of the textile was placed and carefully pressed into the 
mortar. Afterward, another layer of mortar was applied 
to cover the textiles. For the beams with more than one 
textile layer, the steps mentioned above were repeated. 
To avoid the misalignment of the textile fibers, guiding 
remakes were positioned at the side faces of the wooden 
shuttering. To improve the ultimate strain capacity of the 
used FRP textiles, the FRP textiles were impregnated with 
epoxy before the strengthening application (Nematol-
lahi et  al., 2014). After completion of the strengthening 
process, all the SHGC-strengthened beams were ambi-
ent cured at an average temperature of 32 °C for 28 days 

before testing. The SHCC/OM strengthened beams were 
cured using wet clothes for 14 days and then left to dry 
before testing.

2.4 � Test Setup and Instrumentations
Fig. 5 depicts the test setup and instrumentation. As pre-
sented in this figure, the tests were carried out through a 
four-point bending pattern. The beams were placed over 
a roller and a hinged supports. The load was applied over 
a rigid steel beam supported over two loading plates. 
The distance between the loading plates was 600  mm, 
and the effective span of the tested beam specimen was 
2200 mm. A hydraulic jack with an ultimate capacity of 
400 kN was used. Through the test, the developed deflec-
tions were measured using a series of linear variable 
transducers of 100  mm gauge length. Electrical strain 
gauges with a gauge length of 10 mm were used to meas-
ure the tensile strains in the longitudinal steel reinforcing 
bars and the textiles. During the fabrication stage of the 
beams, the location of the strain over the steel bar was 
first grinded and then cleaned using acetoin. Following, 
the strain gauge was glued on the bar and then protected 
using a plastic sheet covered with silicon. In addition, 

Table 5  Properties of the used textile reinforcement.

* Yield/ultimate strength.

Type of reinforcement No. of 
filament/
bundle

Diameter of 
filament (mm)

Area of one 
bundle (mm2)

Spacing of 
bundles (mm)

Area of fabric per 
unit mm2/mm width

Tensile 
strength 
(MPa)

Tensile 
modulus 
(GPa)

CFRP 12,000 0.007 0.461 20 0.023 4000 240

GFRP 19,500 0.008 0.980 15 0.065 1375 80

Steel mesh 1 3.0 7.06 20 0.353 240/350* 200

Fig. 4  Images of different stages of strengthening application.
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strain gauges with a length of 50 mm were bonded on the 
beams’ surfaces to measure the concrete strains over the 
beam’s depth and along the strengthened length. At dif-
ferent load intervals, a digital microscope with an accu-
racy of 0.01  mm was used to measure the maximum 
crack width. The values of the deflections and strains cor-
responding to each load increment were recorded using a 
data logger system.

3 � Experimental Results
3.1 � Failure Mode
Figs.  6 and 7 show the final cracking pattern and fail-
ure modes of the studied beams. As shown in Fig. 7a, as 
expected based on design, the control beam exhibited 
flexural tension failure typical of under-reinforced sec-
tions. The beam failed due to the yielding of the internal 
tension steel bars followed by concrete crushing at the 
compression zone. For the strengthened beams, after 
the yielding of internal steel bars, the beams showed 
three different modes of failure. (1) For beam BOM-G1-C2, 
as shown in Fig. 7b, the failure was a slippage of the FRP 
textile accompanied by intermediate crack (IC) debond-
ing. (2) For beam BGM-F-C2, as shown in Fig. 7c, the fail-
ure was governed by an intermediate crack debonding 
between the strengthening mortar and the concrete 
substrate at the constant moment zone. (3) For beams 
BCM-G1-C2, BGM-G1-C2, BGM-G2-C2, BGM-G1-S2, BGM-G1-G2, 
BGM-G1-0, BGM-G1-C1 and BGM-G1-C3, the failure was a rup-
ture of the used textile followed by concrete crushing. 
Fig. 7d shows a sample of the obtained mode of failure for 
beam BGM-G1-C2. As shown in Fig. 7d, no sign of debond-
ing was noticed between the strengthening layer and the 
concrete substrate. This is owing to the good bond of the 

strain-hardening mortars, in addition, the NSEEB tech-
nique increased the contact area between the bonding 
mortar and the concrete substrate.

3.2 � Cracking and Ultimate Loads
Table  6 summarizes cracking and ultimate loads, show-
ing a consistent increase in the ultimate loads for beams 
with SHGC strengthening. As shown in Table  6, the 
unstrengthened beam had the lowest results of cracking 
and ultimate loads of 17.2 and 63.5 kN, respectively. For 
beam BOM–G1–C2, a slight enhancement in the cracking 
load was recorded. The cracking load was 18.3  kN (6% 
higher than that obtained by beam BC). Whereas, for the 
others (strengthened with SHGC/SHCC), the improve-
ment in the cracking loads raged between 19 and 28% of 
that achieved by the control beam. This improvement is 
owing to the enhanced cracking strength of the strain-
hardening mortars. Regarding the ultimate loads, for 
group I, the use of textile-reinforced mortars increased 
the ultimate capacity. Beam BOM–G1–C2 (strengthened 
with OM) achieved a load capacity of 82.12 kN, which is 
29% higher than that of the control beam (BC). Whereas, 
beams BCM–G1–C2 and BGM–G1–C2 achieved ultimate 
capacities of 97.31 and 102.18  kN, respectively. These 
values represent about 53 and 61%, respectively, higher 
than beam BC. The enhancement in the ultimate capac-
ity, especially with the use of SHGC, resulted from 
the improved tension stiffening of strain-hardening 
composites.

The use of the NSEEB technique with beams BGM–G1–C2 
(the substrate concrete with one groove) and BGM–G2–C2 
(the substrate concrete with two grooves), increased the 
interfacial contact between the strengthening mortar 

Fig. 5  Test setup and instrumentation.
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and the substrate concrete. That prevented the debond-
ing failure and increased the cross-sectional area of 
the added mortar. Accordingly, the ultimate loads of 
beams BGM–G1–C2 and BGM–G2–C2 were higher than beam 
BGM–F–C2 (with a flat surface). For beams BGM–G1–C2 and 

BGM–G2–C2, the achieved loads were 20 and 21%, respec-
tively, higher than that of beam BGM–F–C2 (Pu = 85.11 kN).

Regarding group III, three types of textile reinforce-
ment were used with nearly the same design tensile 
capacity. Thus, the beams showed a negligible variation 

Fig. 6  Final cracking patterns of the tested beams.

Fig. 7  Failure modes of the tested beams.
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in the ultimate loads. The ultimate loads of beams BGM–

G1–S2 (the mortar provided with steel grid) and BGM–G1–G2 
(the mortar provided with GFRP textile) were 103.23 and 
101.25 kN, respectively. These values represent 101% and 
99% of that achieved by beam BGM–G1–C2 (the mortar pro-
vided with CFRP textile).

As for group IV, as expected, the increase in textile 
layers provided in the SHGC layer increased the load 
capacity; however, this increase is not proportional to the 
increased ratio of textiles. For beams BGM–G1–C1, BGM–

G1–C2 and BGM–G1–C3, the strengthening layers were pro-
vided with one, two and three CFRP layers, respectively, 
the obtained loads were 24, 38 and 44%, higher than 
beam BGM–G1–0 (the strengthening mortar without textile 
reinforcement).

3.3 � Load–Deflection Behaviour
The load–deflection curves for the studied beams are 
shown in Fig.  8. As shown in Fig.  8, the control beam 
(BC) showed almost a linear response until the first 
cracking load. At cracking, a significant loss in the beam 
stiffness took place, thus after cracking; an increase in 
the rate of the developed deflection was noticed. With 
the increase in applied load, the yield of the internal steel 
bars took place, and then the beam demonstrated almost 
a plastic load–deflection behaviour until failure. At ulti-
mate, the value of the recorded deflection was 44.57 mm. 
As for the strengthened beams, as shown in Fig.  8, in 
general, the effect of the strengthening was limited in 
the primarily uncracked stage of loading. Whereas, 
beyond cracking, the presence of the strengthening layer 
improved the post-cracking stiffness, which decreased 
the developed deflection compared to the control beam 
(BC). In addition, after the yielding of the internal steel 

bars, the FRP–SHGC strengthening increased the post-
yielding stiffness. Finally, at the post-peak stage, except 
for beam BGM–G1–S2 (strengthened with steel-reinforced 
SHGC), the strengthened beams showed a sudden loss 
of the strengthening action. The loss of the strengthening 
action was quite abrupt due to the nature of FRP failure. 
After failure, it is noticed that, the FRP–SHGC strength-
ened beams exhibited residual flexural capacity close to 
that of the control beam (BC).

As shown in Fig. 8a, both the SHGC and SHCC mor-
tars showed improved post-cracking stiffness than the 
ordinary mortar due to the effect of fiber bridging, which 
decreased the developed deflection of beams BCM–G1–

C2, and BGM–G1–C2 compared to beam BOM–G1–C2. For 
instance, at the service deflection (L/250), beams BCM–

G1–C2, and BGM–G1–C2 achieved loads of 8.8 and 9.0%, 
respectively, higher than beam BOM–G1–C2. In addition, 
using SHGC or SHCC increased the ultimate deflection 
compared to OM. The maximum deflection of beams 
BCM–G1–C2, and BGM–G1–C2 were 25.29 and 28.23  mm, 
respectively. These values represent about 39 and 56% 
higher than BOM–G1–C2 (Δu = 18.1 mm).

Regarding group II, as shown in Fig.  8b, the use of 
either the NSEEB or EB technique did not alter the pre-
ultimate stages of loading. Whereas, at the ultimate, 
using the NSEEB technique prevented the debonding 
failure, and this increased the developed deflection. For 
beams BGM–G1–C2 and BGM–G2–C2 the ultimate deflections 
were 28.23 and 28.28 mm, respectively, these values are 
about 52% higher than beam BGM–F–C2 (Δu = 18.57 mm).

For group III, as shown in Fig.  8c, using steel mesh 
inside the SHGC layer showed the best behaviour at 
the post-cracking stage. At the same load level, beam 
BGM–G1–S2 showed higher stiffness and lower deflection 

Table 6  Summary of test results.

P = load; ∆ = deflection; μ = ductility index; E = absorbed energy.

Groups Beam At first crack At the yield of steel 
reinforcement

At ultimate load μ (mm/mm) E (kN.mm)

P (kN) P/PBC Δ (mm) P (kN) P/PBC Δ (mm) P (kN) P/PBC Δ (mm)

Control BC 17.20 1.00 1.46 56.11 1.00 10.92 63.50 1.00 44.57 4.08 1722

Group I BOM–G1–C2 18.30 1.06 1.15 69.10 1.23 10.91 82.12 1.29 18.10 1.65 514

BCM–G1–C2 21.01 1.22 1.05 80.40 1.43 10.94 97.31 1.53 25.29 2.31 927

BGM–G1–C2 21.52 1.25 1.04 81.70 1.46 11.15 102.18 1.61 28.23 2.53 940

Group II BGM–F–C2 21.42 1.24 1.26 80.21 1.43 9.75 85.11 1.34 18.57 1.90 525

BGM–G2–C2 21.77 1.26 1.08 81.85 1.46 10.95 103.13 1.62 28.28 2.58 955

Group III BGM–G1–S2 22.10 1.28 0.93 93.28 1.66 10.31 103.23 1.63 40.75 3.95 1707

BGM–G1–G2 21.01 1.22 0.98 70.71 1.26 10.81 101.25 1.59 31.92 2.95 897

Group IV BGM–G1–0 20.40 1.19 1.18 66.94 1.19 10.59 73.90 1.16 19.52 1.84 595

BGM–G1–C1 20.48 1.19 0.97 74.04 1.31 10.72 91.52 1.44 25.11 2.34 742

BGM–G1–C3 21.61 1.26 1.01 85.11 1.52 10.17 106.31 1.67 29.59 2.91 1005
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values compared to beams BGM–G1–G2 and BGM–G1–C2. At 
the service deflection, beam BGM–G1–S2 reached a load 
capacity of 86.02  kN, which is 29 and 21% higher than 
those of beams BGM–G1–G2 and BGM–G1–C2, respectively. 
This improvement in the beam stiffness (BGM–G1–S2) is 
a result of the higher modulus of elasticity of steel than 
the FRP-textiles. In addition, using steel mesh increased 
the post-ultimate ductility compared to the FRP-textiles, 
at ultimate, the maximum deflection of beam BGM–G1–S2 
was 40.75 mm, which is 24 and 44% higher than those of 
beams BGM–G1–G2 and BGM–G1–C2. This is attributed to the 
higher ductility of steel reinforcement compared to the 
FRP textiles, which have a limited tensile strain capacity.

As for group IV, as shown in Fig.  8d, increasing the 
number of FRP layers in the SHGC mortar increased 
the tension stiffness, which decreased the post-crack-
ing deflection. For instance, at service deflection, the 
achieved loads of beams BGM–G1–C1, BGM–G1–C2 and BGM–

G1–C3 were 67.48, 70.99 and 80.44 kN, respectively, which 
are 14, 20 and 36% higher than beam BGM–G1–0 (strength-
ened with unreinforced SHGC layer). Increasing the lay-
ers of the FRP textiles increased the ultimate deflection. 
For beams BGM–G1–0, BGM–G1–C1, BGM–G1–C2 and BGM–G1–

C3, the results of the ultimate deflection were 19.52, 25.11, 
28.23 and 29.59 mm, respectively.

3.4 � Ductility and Absorbed Energy
The deflection-based ductility index (μ) is defined as the 
ratio of the mid-span deflection at ultimate load (Δu) to 
that at yield load (Δy) (Hussein et  al., 2012). Where the 
energy absorption index (E) is defined as the accumula-
tive area under the load–deflection curve from zero to 
the ultimate point (Hussein et  al., 2012). The results of 
the ductility indices and absorbed energies are summa-
rized in Table 6.

As shown in Table 6, the un-strengthened beam (BC) 
gave the height ductility index compared to the strength-
ened beams. The value of the ductility index for the con-
trol beam was 4.08. Where, for the strengthened beams, 
the application of the strengthening decreased the ductil-
ity index. For group I, the use of strain-hardening mortar 
showed better ductility performance than the ordinary 
mortar. For beams BCM–G1–C2, and BGM–G1–C2, the ductil-
ity indices were 2.31 and 2.53, respectively. These values 
are 40 and 53% higher than beam BOM–G1–C2 (μ = 1.65). 
For group II, the NSEEB technique increased the con-
tact area between the strengthening layer and the con-
crete substrate compared to the EB technique. That 
prevented the debonding failure and then increased the 
ultimate deflection and ductility. Thus, beams BGM–G1–

C2 and BGM–G2–C2 achieved higher ductility indices than 

Fig. 8  Load–deflection curves of the tested beams.
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BGM–F–C2 (with a flat surface). The value of the ductility 
index for beam BGM–F–C2 was 1.90 (75% of beam BGM–

G1–C2). For group III, using a steel grid inside the SHGC 
mortar increased the inelastic deformation before failure. 
Thus, beam BGM–G1–S2 showed the best ductility perfor-
mance compared to the strengthened beams. The ductil-
ity index of beam BGM–G1–S2 was 3.95. This value is 33% 
and 56% higher than beams BGM–G1–G2 and BGM–G1–C2, 
respectively. Regarding group IV, increasing the number 
of textile reinforcement layers inside the SHGC improved 
the ductility. The ductility indices for beams BGM–G1–C1, 
BGM–G1–C2, and BGM–G1–C3 were 27, 37 and 58%, respec-
tively, higher than that of beam BGM–G1–0.

As presented in Table  6, the values of the absorbed 
energies showed almost a similar trend to the dis-
placement-based indices. In general, the strengthen-
ing decreased the absorbed energy; however, the use 
of strain-hardening mortars showed higher absorbed 
energy compared to the ordinary mortar. The obtained 
energy for beams BCM-G1-C2 and BGM-G1-C2 were 927 and 
940 kN.mm, respectively. These values are about 80 and 
82%, respectively, higher than beam BOM-G1-C2. In addi-
tion, beams BGM-G1-C2 and BGM-G2-C2 (strengthened with 

the NSEEB technique) achieved energy values higher 
than beam BGM-F-C2 (strengthened with the EB tech-
nique). The obtained energy for beams BGM-G1-C2 and 
BGM-G2-C2 were 79 and 81%, respectively, higher than 
that of beam BGM-F-C2. The use of the steel grid inside the 
SHGC showed the highest absorbed energy. The obtained 
energy for BGM-G1-S2 was 90 and 82% higher than those of 
beams BGM-G1-G2 and BGM-G1-C2, respectively. Finally, for 
group IV, increasing the number of the FRP textile lay-
ers increased the absorbed energy. The absorbed energies 
of beams BGM-G1-C1, BGM-G1-C2 and BGM-G1-C3 were 25, 58 
and 69%, higher than that of beam BGM-G1-0, respectively.

3.5 � Crack Width Evolution
The load versus the measured maximum crack width 
is shown in Fig.  9. In addition, the service limit for the 
maximum crack width of ordinary exposed RC structures 
(Wk, max = 0.30 mm) is included in the figure for compari-
son ACI (2019).

As shown in Fig. 9, for the control beam (BC), the crack 
width increased rapidly reaching a width of 0.3 mm (the 
service limit) at a load of 42 kN. Compared with the con-
trol beam, in general, the application of the strengthening 

Fig. 9  Load crack width curves of the tested beams.
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layer decreased the measured crack width at all stages 
of loading. Moreover, after the yielding of the steel 
bars, the use of FRP–SHGC strengthening prevented 
the rapid increase in the crack width. Comparing the 
load crack width of group I, the strain-hardening mor-
tars showed lower crack width values than the ordinary 
mortar. This is owing to the tension-stiffening effect of 
strain hardening from fiber bridging. At a crack width of 
0.3 mm, beam BOM-G1-C2 achieved a load of 68 kN, while 
beams BCM-G1-C2 and BGM-G1-C2 achieved 84 and 85  kN, 
respectively.

For group II, the NSEEB technique increased the con-
tact surface between the concrete substrate and the 
strengthening layer. This improved the distribution of 
the tension cracks and then decreased the crack width 
of beams BGM-G1-C2 and BGM-G2-C2 (strengthened with 
the NSEEB technique), compared to beam BGM-F-C2. 
At a crack width of 0.3  mm, beams BGM-G1-C2 and 
BGM-G2-C2 reached loads of 85 and 86  kN, respectively, 
which is 8 and 9% higher than that of beam BGM-F-C2 (at 
Wk = 0.30 mm the achieved load = 79 kN).

As for group III, as shown in Fig. 9c, the use of a steel 
grid inside the SHGC mortar decreased the maximum 
crack width than the FRP textiles. This is a result of the 

higher elastic modulus of steel than the FRP. At a crack 
width of 0.3  mm, beam BGM-G1-S2 achieved a load of 
105 kN, which is 23 and 40% higher than those of beams 
BGM-G1-C2 and BGM-G1-G2, respectively.

Regarding group IV, as expected, as shown in Fig. 9d, 
increasing the reinforcement ratio of the strengthen-
ing layer increased the tension stiffening and then 
decreased the crack width. For instance, at a crack width 
of 0.30 mm, beam BGM-G1-C3 (with three layers of CFRP 
inside the SHGC layer) reached a load of 91.50 kN, which 
represents 27% higher than that of beam BGM-G1-0 (with 
unreinforced SHGC layer).

3.6 � Steel Strain
Fig.  10 shows the load versus the internal tension steel 
strains. As shown in Fig.  10, the strain curves are simi-
lar to the behavior described in load–displacement 
behaviour regarding the effects of mortar type, surface 
condition, the type of mortar reinforcement and the 
number of textile layers. Based on the carried out uni-
axial tension tests, the yield strain of the steel bars was 
2500 με. As shown in Fig. 10, at the same load, the con-
trol beam showed the highest strain value compared to 
the strengthened beams and reached the yield strain at 

Fig. 10  Load strain curves of the tested beams.
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a load of 56.11 kN. In addition, after the yielding of the 
steel reinforcement, the beam demonstrated a plastic 
behaviour until failure. On the other hand, the applica-
tion of the strengthening layer reduced the steel strains, 
compared to the control specimen (BC). Moreover, after 
the yield load, the beams strengthened with FRP–SHGC 
layers demonstrated strain hardening, owing to the effect 
of the textile reinforcement. For group I, the use of strain-
hardening mortar reduced the steel strain compared to 
the ordinary mortar and then increased the yielding load. 
For beams BCM-G1-C2 and BGM-G1-C2, the yield loads were 
80.40 and 81.70  kN, respectively. These loads represent 
16 and 18%, respectively, higher than beam BOM-G1-C2 
(Py = 69.1 kN). For group II, the use of either the NSEEB 
or EB technique showed an insignificant effect on the 
steel strain. The yield loads of beams BGM-F-C2 and 
BGM-G2-C2 were 80.21 and 81.85  kN, respectively. As for 
group III, the use of a steel grid inside the SHGC mortar 
decreased the strain compared to FRP textiles. The yield 
load of beam BGM-G1-S2 was 90.28  kN, which is 28 and 
11% higher than those of beams BGM-G1-G2 and BGM-G1-C2, 
respectively. For group III, as expected, the increase of 
textile layers inside the SHGC mortar decreased the steel 
strain. The yield loads of beams BGM-G1-0, BGM-G1-2 and 
BGM-G1-C3 were 66.94, 74.04 and 85.11 kN, respectively.

3.7 � Strain Distribution
Fig.  11 depicts the strain distributions over the beam’s 
height of the mid-span section. As shown in Fig.  11, 
the strains are plotted at different stages of loading cor-
responding to 0.30, 0.70 and 0.95 of the ultimate loads. 
For all beams, a linear behaviour of the strain distribu-
tions was observed at the pre-ultimate stages of loading. 
This indicates the applicability of bernoulli hypothesis. 
In addition, when the load increased, the neutral axis 
shifted up toward the compression zone. This is due to 
the growth of the concrete cracking at the tension side. 
Regarding the ultimate stage, beams BOM-G1-C2 (strength-
ened with OM applied in the form of the NSEEB tech-
nique) and BGM-F-C2 (strengthened with SHGC applied in 
the form of the EB technique) showed a sudden change 
in the strain distribution due to debonding failure. 
Whereas, the remaining strengthened beams showed 
almost linear strain distributions without any change in 
the strain slope. This reflects the complete bond between 
the applied strengthening and the concrete substrate.

Fig.  12 shows the strain distributions along the 
strengthening layer’s length at different loading stages. 
In general, at the pre-ultimate stages, the strain profiles 
followed the bending moment shape indicating a com-
plete bond between the applied strengthening and the 
concrete substrate. The maximum strain value is at the 

mid-span and then the value decreases approaching the 
ends of the strengthening layer. At ultimate, except for 
beams BOM-G1-C2 and BGM-F-C2, the strengthened beams 
demonstrated the same configuration of the pre-ultimate 
stages (the maximum strain value is at the mid-span). 
As for beams BOM-G1-C2 and BGM-F-C2, the strain profile 
showed a flat plateau at the constant moment zone indi-
cating no rupture in the textile layers, which confirms 
the obtained mode of failure that was intermediate crack 
debonding.

4 � Prediction of Flexural Strength
During the experiments, the beams exhibited two dis-
tinguished modes of failure. The first was a rupture of 
the textile reinforcement followed by concrete crushing 
the compression zone. The second mode was a debond-
ing failure between the strengthening layer and the con-
crete substrate. The analytical model of this investigation 
is limited to the beams that exhibited textile rupture at 
failure, thus strain compatibility could be applied. Fig. 13 
shows the strains and stress diagrams for the strength-
ened beams. Based on the equilibrium of forces, the ulti-
mate flexural moment could be obtained considering the 
following assumptions:

•	 As reflected by the test results, a perfect bond 
between the strengthening layer and the concrete 
substrate is assumed,

•	 The tensile capacity of strain hardening mortars 
was taken into consideration based on JSCE (2008) 
assumptions,

•	 The steel response is an elastic–plastic material 
under tension,

•	 The ultimate compressive strain (εcu) for concrete 
equals 0.003, as per ACI-318 (2019),

•	 The TRM has a linear behaviour up to failure and the 
maximum effective stress in the FRP (fe) can be cal-
culated by the following equation:

where
Ef = modulus of elasticity; εcu = ultimate compressive 

strain of concrete; εfe = effective tensile strain of FRP tex-
tile; εfu = ultimate tensile strain of FRP textile; df = depth 
of textile reinforcement; c = depth of neutral axis.

Based on the above assumptions and the strains and 
stress distributions for the strengthened beams plotted in 
Fig. 13, the ultimate flexural moment is calculated using 
the following equation:

(1)fe = Ef εfe

(2)εfe = εcu

(

df − c

c

)

≤ εfu
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Fig. 11  Sectional height versus concrete strain of the tested beams.
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The internal forces ( Ts,Tf ,Tm1,Tm2andC
′
s ) can be cal-

culated using Eqs. (7)–(10):

(3)
Mu = Ts

(

d −
βc

2

)

+ Tf

(

df −
βc

2

)

+ Tm1

(

df −
βc

2

)

+ Tm2

(

dc −
tc

2
−

βc

2

)

+ C ′

s

(

βc − d′
)

(4)Ts = Asfs

(5)Tf = NAf bEf εfe

(6)Tm1 = Am1fty

Fig. 12  Strain distribution over the length of the strengthening layer.
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According to the theory of strain compatibility, the 
stresses in the steel bars can be calculated using the 
following equations:

The depth of the neutral axis (c) can be calculated 
based on the equilibrium of the forces from the following 
equation:

The concrete stress block factors α and β are calculated 
as follows:

The compressive strain of the unconfined concrete ( ε′c ) 
can be calculated using the following equation:

(7)Tm2 = Am2fty

(8)C ′

s = A′

sf
′

s

(9)fs = Esεcu

(

d − c

c

)

≤ fy

(10)f ′s = Esεcu

(

c − d′

c

)

≤ fy

(11)c =
Ts + Tf + Tm1 + Tm2 − C ′

s

αf ′c βb

(12)β =
4ε′c − εcu

6ε′c − 2εcu

(13)α =
3ε′cεcu − ε2cu

3βε′2c

where
Ts, Tf and Tm = the tensile forces of tension steel bars, 

the textile and the strain hardening mortar, respectively; 
C′
s = the compressive force carried by compression steel 

reinforcement; f′c = the compressive strength of concrete; 
fty = the tensile yield strength of strain hardening mortars 
(First cracking strength according to JSCE (2008); fs = the 
stress in steel reinforcement; f′s = the stress of steel rein-
forcement at compression side; Am = the cross section 
of strain hardening mortar; As = the cross-sectional area 
of tension steel reinforcement; tc = section total thick-
ness; b = width of the concrete beam; d = effective depth 
of concrete beam; d′ = depth of compression steel; α and 
β = The stress block factors.

The predicted results of the proposed model are listed 
in Table 7. As presented in Table 7, the predicted results 
of the ultimate moment capacity of the strengthened 
beams are close to the experimental results. The aver-
age of the experimental to the predicted flexural capacity 
ratio was 1.04 with a standard deviation of 0.056.

5 � Conclusion
This research proposed a new composite system of 
FRP–SHGC as a strengthening system for RC beams. 
In this study varying parameters were studied; the type 
of the strengthening mortar (OM, SHCC and SHGC), 

(14)ε′c =
1.7f ′c
Ec

(15)Ec = 4700

√

f ′c

Fig. 13  Strains and stresses diagrams for the strengthened beams.
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the surface condition of the concrete substrate (flat and 
with grooves), and the reinforcement of the SHGC layer 
(type and ratio). The flexural behaviour of the studied 
beams was assessed through testing eleven reduced-scale 
RC beams. In addition, an analytical investigation was 
carried out to present a model for the flexural strength 
capacity of the FRP–SHGC-strengthened beams. Based 
on the current experimental and analytical results; the 
following conclusions are drawn:

•	 The use of the NSEEB technique in conjunction with 
SHGC precluded the occurrence of intermediate 
crack debonding failure and led to a rupture of the 
textile reinforcement, followed by concrete crushing.

•	 The composite use of FRP textile and strain-harden-
ing mortar improved the cracking and ultimate loads. 
Compared to the unstrengthened beam, the cracking 
loads of the strengthened beams increased by val-
ues ranging between 6 and 26%, where ultimate load 
enhancements from 16 to 67% were achieved, vary-
ing by parameters, such as mortar and reinforcement 
types.

•	 Compared to the unstrengthened beam, the presence 
of the strengthening layer improved the post-crack-
ing stiffness, which decreased the developed deflec-
tion. In addition, after the yielding of the internal 
steel reinforcement, the composite use of FRP textile 
and strain-hardening mortar developed a post-yield-
ing stiffness.

•	 The use of the strengthening layer decreased the 
measured crack width at all stages of loading. Moreo-
ver, after the yielding of the internal steel reinforce-
ment, the strengthening controlled the increase in 
the crack width.

•	 In general, compared to the unstrengthened beam, 
the strengthening reduced the ductility of the beams. 
As for the strengthened beams, the use of a steel grid 
inside the SHGC layer showed the best ductility per-
formance, achieving a ductility index of 97% of the 
unstrengthened beam. Where the use of ordinary 
cementitious mortar showed the lowest ductility per-
formance, achieving a ductility index of 40% of the 
unstrengthened beam.

•	 The proposed flexural strength prediction model 
gave a good prediction for the flexural capacity of the 
strengthened beams. The average value of the experi-
mental/predicted results was 1.04 with a standard 
deviation of 0.056.

This research is a primary step to evaluate the response 
of RC beams strengthened in flexure with a composite layer 
of FRP–SHGC. This layer may be utilized for strengthening 
other structural concrete members, such as columns, slabs 
and beam–column connections. It should be noted that 
this study is limited to the studied scale of beams, the test 
parameters, and the properties of the used materials. In 
future work, the long-term and durability performances of 
RC beams strengthened with the FRP–SHGC layer should 
be studied. In addition, the efficacy of this technique under 
corrosion exposure needs to be evaluated.
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Table 7  Experimental versus predicted results for ultimate 
moments.

Pu, experimental = experimental ultimate load; Mu, experimental = experimental ultimate 
moment = 0.4 Pu; Mu, analytical = predicted flexural moment.

Groups Beam Pu, 

experimental 
(kN)

Mu, 

experimental 
(kN.m)

Mu, 

analytical 
(kN.m)

Pu, 

experimental/
Pu, analytical

Control BC 63.50 25.40 21.94 1.16

Group I BOM-G1-C2 82.12 32.85 31.72 1.04

BCM-G1-C2 97.31 38.92 37.54 1.04

BGM-G1-C2 102.18 40.87 38.48 1.06

Group II BGM-F-C2 85.11 34.04 36.23 0.93

BGM-G2-C2 103.13 41.25 38.48 1.07

Group III BGM-G1-S2 103.23 41.29 39.39 1.05

BGM-G1-G2 101.25 40.50 38.99 1.04

Group IV BGM-G1-0 73.90 29.56 28.51 1.04

BGM-G1-C1 91.52 36.61 33.50 1.09

BGM-G1-C3 106.31 42.52 43.47 0.97

Mean 1.04

SD 0.056

COV 0.053
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