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ABSTRACT 

This study investigates the stiffness and shear resistance of T-reinforced concrete beams that have been 

strengthened against shear using the embedded through-section approach. The beams were exposed to a 

monotonic one-point load until failure. The experimental methodology included the investigation of 12 T 

beams made of reinforced concrete, consisting of 2 reference beams that were not subjected to any 

strengthening measures and 10 reinforced beams. The 12 beams were classified into two primary 

categories: those with stirrups and those without stirrups. The primary factors from each group 

encompassed the spacing and angle of inclination pertaining to the Carbon Fiber-Reinforced Polymer 

(CFRP) bars placed along the central axis of the section. Various configurations were used, including 

varied spacing intervals and degrees of inclination. The results showed that the ratio of the CFRP shear 

resistance to the total section (Vf / Vsec) ranged between 10 to 21% in group one (with stirrups). This 

means that the Embedded Through Section (ETS) technique with CFRP bars is useful in increasing the 

shear resistance of reinforced concrete beams. For group two (without stirrups), this ratio ranged between 

56 to 58.5%. That is, ETS with CFRP bars significantly increases the shear resistance of reinforced 

concrete beams without stirrups. 

Keywords-shear resistance; stiffness; Embedded Through Section (ETS); CFRP bars; reinforced concrete T-

beams 

I. INTRODUCTION  

During the recent years, there has been a growing interest in 
the use of Carbon Fiber Reinforced Polymer (CFRP) 
composites for reinforcing concrete parts to rehabilitate 
infrastructure. The use of CFRP reinforcement demonstrates a 
diverse array of applications, entailing the construction of 
innovative structures and the rehabilitation of pre-existing ones 
[1-7]. The shear strength of Reinforced Concrete (RC) beams is 
influenced by many factors [8-10]. These factors include the 
compressive strength of the concrete (f'c), the ratio of main 
steel (ρ), the dimensions of the beam, the ratio of shear span to 
effective depth (a/d), and the ratio of shear reinforcement (�v). 
Several studies have attempted to define the bond behavior at 
the interface where premature failures originate [11-14]. 
Authors in [15] conducted a thorough analysis and practical 
study of RC T-beams that were strengthened in shear using 
Embedded Through-Section (ETS) Fiber-Reinforced Polymer 

(FRP). The study examined the impact of various factors on the 
performance of FRP bars, including the influence of the surface 
coating on FRP bars, the effect of internal transverse steel 
reinforcement on FRP shear contribution, the influence of FRP 
bar spacing, the impact of FRP rod diameter, and the efficiency 
of the embedded through-section FRP rod method. Novel 
design equations were introduced to compute the shear 
contribution of FRP for beams reinforced using the ETS FRP 
method. The design equations were verified using data 
obtained from the experimental portion of the present research 
investigation. The proposed model exhibits a satisfactory 
correlation with the experimental findings. Authors in [16] 
examined 14 RC beams strengthened in shear by CFRP textiles 
bonded with cement-based adhesive CBA. The experimental 
results demonstrated that the CBA-bonded CFRP textiles 
substantially enhanced the shear capacity of the RC members. 
The structural performance of RC columns strengthened in 
shear with ETS Glass Fiber Reinforced Polymer (GFRP) bars 
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was experimentally and analytically investigated in [17]. The 
results showed that the configuration and specifics of the 
anchorage system should be carefully considered before 
formulating unified specifications. Authors in [18] presented a 
comprehensive investigation of the shear behavior of the RC 
beams reinforced with a small-diameter FRP bar-reinforced 
geopolymer matrix (FRGM) system. The findings indicated 
that utilizing steel fibers in the geopolymer matrix further 
inhibited the formation of shear fractures and enhanced shear 
capacity. Using 18 shear-deficient RC beams strengthened with 
Near Surface Mounted (NSM) CFRP bars, authors in [19] 
conducted an experimental analysis to determine the bars 
impact on the shear strength of the RC beams. The reinforced 
beams were found to have a shear capacity that was up to 35% 
higher than that of the control beams. It was also noted that, 
compared to beams with higher strength concrete, those with 
standard strength concrete showed a greater increase in shear 
strength. 

According to the literature review, and to the best of our 
knowledge, no research has been conducted on the shear 
behavior of reinforced concrete T-beams strengthened by 
CFRP bars using the ETS technique. 

II. EXPERIMENTAL PROGRAM 

The experimental program included testing a total of 12 RC 
T-beams, consisting of 2 reference beams not subjected to any 
strengthening measures and 10 beams that were strengthened 
with the ETS Technique with CFRP bars. The 12 beams were 
classified into 2 primary categories, namely those with stirrups 
and those without stirrups, with the latter involving just 3 
beams for steel bar support. The primary factors under 
investigation were the CFRP bars' spacing and inclination 
degree. The reinforced beams exhibited enhanced resistance to 
shear forces by inserting 12 mm CFRP bars along the beam 
central axis, using various spacing intervals and inclination 
degrees. An experimental investigation was carried out to 
investigate the impact of spacing and inclination angle of 
CFRP bars on several factors, including failure load, fracture 
distribution, load-strain relation, and load-deflection 
relationship. All beams within each group exhibited uniform 
characteristics, encompassing a consistent length of 2200 mm, 
exact cross-sectional dimensions, and equivalent reinforcing. 
The beams in question were exposed to a unidirectional single-
point load applied at the midpoint until reaching the point of 
failure, as seen in Figures 1 and 2. The tested beams were 
designed according to ACI-318-19 [20] and ACI440-17 [21]. 
Table I illustrates the configuration and designation of the 
tested beams. 

Concrete’s properties, such as its modulus of elasticity, and 

tensile and compressive strengths, were calculated. The 

properties of the concrete (after 28 days), CFRP bars, and steel 

reinforcements employed in this study are illustrated in Table 

II. Figure 3 shows the ETS shear strengthening technique using 

CFRP bars, while Figure 4 shows a tested T-beam. 

 

(a) 

 

(b) 

 

(c) 

 

Fig. 1.  Details of the beams for group one (with stirrups) (all dimensions 

in mm): (a) Un-strengthened reference beam, (b) strengthened beam, (c) 

strengthened beam with inclined CFRP bars. 

(a) 

 

(b) 

 

(c) 

 

Fig. 2.  Details of the beams for group two without stirrups (just 3 for 

support) (all dimensions in mm): (a) Un-strengthened reference beam, (b) 

strengthened beam with vertical CFRP bars, (c) strengthened beam with 

inclined CFRP bars. 

TABLE I.  DETAILS OF THE TESTED BEAMS. 

Group Beam-ID 
Angle of inclination 

of CFRP bar (deg.) 

CFRP bar 

spacing (mm) 

Group 

one (with 

stirrups) 

G1-B1-Ref – – 

G1-B2-R-S10 90 100 

G1-B3-R-S15 90 150 

G1-B4-R-S20 90 200 

G1-B5-I-S10 45 100 

G1-B6-I-S15 45 150 

G1-B7-I-S20 45 200 

Group 

two 

(without 

stirrups) 

G2-B1-Ref – – 

G2-B2-R-S10 90 100 

G2-B3-R-S15 90 150 

G2-B4-I-S10 45 100 

G2-B5-I-S15 45 150 
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TABLE II.  MATERIAL PROPERTIES 

Properties 
Steel bars 

Concrete 
CFRP bar 

(12mm) 8 mm 25 mm 

Tensile yield (MPa) 522.5 553.8 - - 

Tensile strength (MPa) 661.5 701 3.73 3100 

Modulus of elasticity (GPa) 200 28.645 148 

Compressive strength (MPa) - - 45.3 - 
 

 
Fig. 3.  ETS shear strengthening using CFRP bars. 

 

Fig. 4.  A tested T beam. 

III. RESULTS AND DISCUSSION  

A comparative analysis was conducted on the test findings 
and on the reinforced specimens behavior in relation to the 
control T-beams, both with and without stirrups. The study also 
examined the impact of the spacing and angle of inclination of 
the CFRP bars on shear strength. 

A. Beam Stiffness (k)  

The serviceability limit used for this study was regulated by 
dividing the experimental ultimate load by a factor of 1.7, a 
recommendation supported by previous researchers such as 
[22]. This criterion was applied due to the absence of any 
unwanted cracking or deformation seen at this particular load 
level. Tables III and IV provide a comprehensive overview of 
the tested beams stiffness at the service stage for groups 1 and 
2, respectively. 

Table III shows that the beams stiffness of group one (with 
stirrups) with vertical CFRP bars and spacing of 100, 150, and 
200 mm increased by 35.6, 22, and 11.9%, respectively. In 
comparison, the stiffness of the beams of group one with 
inclined CFRP bars (45°) and spacing of 100, 150 and 200 mm 
increased by 50.8, 27, and 17%, accordingly with respect to the 
reference beam. This finding indicates that the spacing of the 
CFRP bars is inversely proportional to the beam stiffness for 
the exact inclination angle. It is also seen that the inclined 
CFRP bars (45°) perform better than the vertical ones. 

TABLE III.  STIFFNESS k OF THE BEAMS OF GROUP ONE 

Beam ID 

At service loading Ps 
Failure 

load (kN) Load 

(kN) 

Deflection 

(mm) 

k 

(kN/mm) 

% increase 

in k 

G1-B1-Ref 265.3 4.5 59 Ref. 451 

G1-B2-R-S10 335.3 4.22 80 35.6 570 

G1-B3-R-S15 314.7 4.4 72 22 535 

G1-B4-R-S20 294.7 4.49 66 11.9 501 

G1-B5-I-S10 344.1 3.85 89 50.8 585 

G1-B6-I-S15 324.7 4.31 75 27 552 

G1-B7-I-S20 306.5 4.45 69 17 521 

k=Load/Deflection 

TABLE IV.  STIFFNESS k OF THE BEAMS OF GROUP TWO 

Beam ID 

At service loading Ps 
Failure load 

(kN) 
Load 

(kN) 

Deflection 

(mm) 

k 

(kN/mm) 

% increase 

in k 

G2-B1-Ref 130 2.9 44.8 Ref. 221 

G2-B2-R-S10 305.3 4.12 74 65.2 519 

G2-B3-R-S15 295.3 4.48 66 47.3 502 

G2-B4-I-S10 313 3.8 82.4 84 532 

G2-B5-I-S15 300 4.14 72.5 61.8 510 

k=Load/Deflection 

 

Table IV shows that the  beams stiffness of group two 
(without stirrups) with vertical CFRP bars and spacing of 100, 
and 150 mm increased by 65.2 and 47.3%, respectively, while 
the stiffness of the beams of group two with inclined CFRP 
bars (45°) and spacings of 100 and 150 mm augmented by 84 
and 61.8%, respectively, concerning the reference beam. This 
finding shows that the spacing of the CFRP bars is inversely 
proportional to the beam stiffness for the exact angle of 
inclination in this group. It is clear that the impact of CFRP 
bars was more effective on group two than on group one 
because the beams of group two have no shear stirrups. Figure 
5 shows the stiffness of all the beams. 

 

 

Fig. 5.  Stiffness of all the tested beams. 

B. Experimental Shear Resistance 

The shear resistance of concrete (Vc) was taken as the half 
of the ultimate load of set two control beam (without stirrups), 
i.e. G2-B1-REF. While the shear resistance of steel (Vs) was 
taken as the half of the difference between the ultimate load of 
the control beam of set two (without stirrups) G2-B1-REF and 
the set one reference beam (with stirrups) G1-B1-REF. Table V 
shows the additional shear resistance of CFRP bars (Vf) for 
each beam. So, the calculated values were: 
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Vc = 0.5 × 221 = 110.5 kN 

Vs = 0.5(451-221) = 115 kN 

Vf = Vsec. –(Vc+Vs)         ……   (1) 

Vsec. = 0.5 × Pu    (for each beam)    (2)  

TABLE V.  SHEAR RESISTANCE OF THE TESTED BEAMS. 

Group Specimens 
Ultimate 

load 
Vsec (kN) Vc (kN) Vs (kN) 

Gain attributable 

to CFRP (%) 
Vf (kN) Vf / Vsec. (%) Vf / Vc (%) 

Group1 

G1-B1-Ref 451 225.5 110.5 115 Ref. - - - 

G1-B2-R-S10 570 285 110.5 115 26.39 59.5 21 54 

G1-B3-R-S15 535 267.5 110.5 115 18.6 42 16 38 

G1-B4-R-S20 501 250.5 110.5 115 11.1 25 10 27 

G1-B5-I-S10 585 292.5 110.5 115 29.7 67 23 61 

G1-B6-I-S15 552 276 110.5 115 22.4 50.5 18.3 46 

G1-B7-I-S20 521 260.5 110.5 115 15.5 35 13.4 32 

Group2 

G2-B1-Ref 221 110.5 110.5 - Ref. - - - 

G2-B2-R-S10 519 259.5 110.5 - 135 149 57.4 135 

G2-B3-R-S15 502 251 110.5 - 127 140.5 56 127 

G2-B4-I-S10 532 266 110.5 - 141 155.5 58.5 141 

G2-B5-I-S15 510 255 110.5 - 131 144.5 56.7 131 

 

Table V shows that the ultimate beams load of group one 
(with stirrups) with vertical CFRP bars and spacings of 100, 
150, and 200 mm increased by 26.39, 18.6, and 11.1%, 
respectively. On the contrary, the beams stiffness of group one 
with inclined CFRP bars (45°) and spacings of 100, 150, and 
200 mm increased by 29.7, 22.4, and 15.5%, respectively, with 
regard to the reference beam. This suggests that there is an 
inverse relationship between the spacing of the CFRP bars and 
the ultimate load of the beam, specifically for the given 
inclination angle. Furthermore, this discovery suggests that 
inclined CFRP bars at 45° have superior performance 
compared to the vertical bars. Table V also shows that the 
ultimate load of the group tow beams (without stirrups) with 
vertical CFRP bars and spacings of 100 and 150 mm grew by 
135 and 127%, respectively. The stiffness of group two beams, 
with inclined CFRP bars (45°) and spacings of 100 and 150 
mm, though, increased by 141 and 131%, correspondingly, 
regarding the reference beam. This finding indicates that the 
increasing spacing of the CFRP bars is inversely proportional 
to the beam stiffness for the exact angle of inclination in this 
group. It is clear that CFRP bars presence was more effective in 
group two than in group one because group two beams have no 
shear stirrups.  Figures 6 to 17 describe the failure mechanism 
and fracture patterns of every single T-beam. 

 

 

Fig. 6.  Failure crack pattern of specimen G1-B1-REF. 

 
Fig. 7.  Failure crack pattern of specimen G1-B2-R-S10. 

 

Fig. 8.  Failure crack pattern of specimen G1-B3-R-S15. 

 
Fig. 9.  Failure crack pattern of specimen G1-B4-R-S20. 
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Fig. 10.  Failure crack pattern of specimen G1-B5-I-S10. 

 

Fig. 11.  Failure crack pattern of specimen G1-B6-I-S15. 

 

Fig. 12.  Failure crack pattern of specimen G1-B7-I-S20. 

 

Fig. 13.  Failure crack pattern of specimen G2-B1-REF. 

 

Fig. 14.  Failure crack pattern of specimen G2-B2-R-S10. 

 

Fig. 15.  Failure crack pattern of specimen G2-B3-R-S15. 

 

Fig. 16.  Failure crack pattern of specimen G2-B4-I-S10. 

 

Fig. 17.  Failure crack pattern of specimen G2-B5-I-S15. 

IV. CONCLUSION  

This paper investigates two essential properties of the RC 
beam, i.e. stiffness and shear resistance, because these 
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properties give a good indicator of the RC beams shear 
behavior after strengthening with CFRP bars. Based on the 
experimental results, we can obtain the following conclusions: 

 The stiffness of group one beams (with stirrups) with 
vertical CFRP bars and spacing of 100, 150, and 200 mm 
increased by 35.6, 22, and 11.9%, respectively, whereas the 
stiffness of group one beams with inclined CFRP bars (45°) 
and spacing of 100, 150, and 200 mm rose by 50.8, 27, and 
17%, correspondingly, with regard to the reference beam. It 
is concluded that CFRP bars spacing is inversely 
proportional to the beam stiffness for the exact inclination 
angle. 

 The inclined CFRP bars (45°) perform better than the 
vertical ones. 

 The stiffness of group two beams (without stirrups) with 
vertical CFRP bars and spacing of 100 and 150 mm 
increased by 65.2, and 47.3%, accordingly, whereas the 
stiffness of group two beams with inclined CFRP bars (45°) 
and spacing of 100 and 150 mm increased by 84 and 
61.8%, respectively. The CFRP bars influence was more 
effective on group two than group one because group two 
beams have no shear stirrups. 

 The ultimate load of group one beams (with stirrups) with 
vertical CFRP bars and spacing of 100, 150, and 200 mm 
augmented by 26.39, 18.6, and 11.1%, respectively, 
whereas the stiffness of group one beams with inclined 
CFRP bars (45°) and spacing of 100, 150, and 200 mm 
increased by 29.7, 22.4, and 15.5 %, correspondingly, with 
regard to the reference beam. This suggests an inverse 
relationship between the CFRP bars spacing and the 
ultimate load of the beam, specifically for the given 
inclination angle. 

 Inclined CFRP bars at a 45° angle perform better than 
vertical bars. 

 The ultimate load of group two beams (without stirrups) 
with vertical CFRP bars and spacing of 100 and 150 mm 
increased by 135, and 127%, respectively, whereas the  
stiffness of group two beams with inclined CFRP bars (45°) 
and spacing of 100 and 150 mm rose by 141 and 131%, 
respectively with regard to the reference beam. 

 The ratio of the CFRP shear resistance to concrete  
(Vf / Vc) ranged between 27 to 61% in group one (with 
stirrups). For group two (without stirrups), this ratio ranged 
between 1.27 to 1.41%. 

 The ratio of the CFRP shear resistance to the total section 
(Vf / Vsec.) ranged between 10 to 21% in group one (with 
stirrups). This means that the ETS technique with CFRP 
bars is useful in increasing the shear resistance of RC 
beams. For group two (without stirrups), this ratio ranged 
between 56 to 58.5%, which means that ETS with CFRP 
bars significantly increases the shear resistance of RC 
beams without stirrups. 

Recommendations for future research work: Investigation 
of the behavior of strengthened T-RC beams with CFRP bars 

under repeated load and studying the behavior of prestressed 
strengthened T-reinforced concrete beams with CFRP bars. 
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