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Abstract 

This study presents a detailed experimental program for reinforced concrete T-beams strengthened in shear with 
near-surface mounted (NSM) basalt fiber-reinforced polymer (BFRP) bars. This paper aims to introduce and evaluate 
a nonmechanical anchorage technique for shear strengthening using NSM-BFRP bars. T-beams were strengthened 
using manually manufactured closed or U-shaped hybrid BFRP stirrups (BFRP bars and BFRP sheets). The experimental 
program was developed to study the effects of these anchorage techniques. The results showed that the shear capac-
ity increased by 8%–46% for beams strengthened with NSM-BFRP bars without anchorage. However, the presence of 
the proposed anchorage system increased the shear capacity of the strengthened beams by 39.6%–81.6%. Moreo-
ver, the maximum strains induced in the BFRP bars ranged from 27 to 59% of their ultimate strains according to the 
spacing between the NSM and the presence of the anchorage. The proposed anchorage technique prevented the 
premature debonding of the NSM-BFRP bars.
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1  Introduction
Fiber-reinforced polymer (FRP) systems have been used 
worldwide for almost the last three decades and are 
becoming a widely accepted method for strengthening 
concrete structure in shear and flexure (Diab et al. 2009; 
Bilotta et al. 2015; Chen et al. 2018). Various experimen-
tal studies have been performed to examine the shear 
strengthening of concrete members using external bond-
ing (EB) FRP sheets/strips (Kalfat et  al. 2013; Shekarchi 
et  al. 2018). However, the use of EB-FRP sheets/strips 
for strengthening concrete members is not entirely 
problem-free.

The use of near-surface mounted (NSM) fiber-rein-
forced polymer (FRP) bars is an attractive method for 
increasing the shear strength of shear-deficient rein-
forced concrete members. Shear strengthening of 

reinforced concrete (RC) beams using NSM-FRP bars 
is more efficient than using externally bonding FRP 
sheets/plates (Rizzo and De Lorenzis 2009; Dias and 
Barros 2011). NSM-FRP bars/strips are less susceptible 
to damage from fire or vandalism, as they are embed-
ded in the concrete cover. There are several types of 
FRP bars in the market, such as carbon (CFRP), glass 
(GFRP), aramid (AFRP), and basalt (BFRP) bars. Vari-
ous experimental data are reported in terms of the 
enhancement in the shear load-carrying capacity for 
the strengthening of concrete beams using CFRP and 
GFRP with the NSM technique (Anwarul 2009; Sundar-
raja and Rajamohan 2009). However, the use of conven-
tional CFRP and GFRP composite materials is hindered 
due to the high cost of CFRP and the poor creep and 
fatigue performance of GFRPs (Sim et  al. 2005; Diab 
and Wu 2009; Elmahdy and Verleysen 2020). The creep 
rupture stress of GFRP is limited to 0.2 times its tensile 
stress according to ACI 440.1R-15 (2015). Although Wu 
et  al. (2010) compared the fatigue behavior of various 
FRP composite sheets and found that the fatigue behav-
ior of BFRP was comparable to that of conventional 
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GFRP, Wang et al. (2014) investigated the creep behav-
ior of BFRP for prestressing applications and concluded 
that the creep rupture stress of BFRP was 0.54 times 
its tensile strength. Recently, basalt fiber-reinforced 
polymer (BFRP) composites have become commercially 
available at a low cost and may represent an alterna-
tive to GFRP (Wang et al. 2017; Elmahdy and Verleysen 
2020; Lebedev et  al. 2020). Nevertheless, the experi-
mental databases available in the literature for NSM of 
BFRP bars are very limited, and the current study pre-
sents a contribution to this database.

Three different failure modes were observed for 
beams strengthened in shear with NSM-FRP bars. The 
first failure mode was due to debonding between NSM 
bars and the epoxy associated with shear failure (De 
Lorenzis and Nanni 2001; Bianco et al. 2009; Rahal and 
Rumaih 2011) due to the low amount of FRP. However, 
the second failure mode, due to increasing the amount 
of FRP, was a separation of the parts of the concrete 
cover along with the NSM-FRP bar associated with 
shear failure (Barros and Dias 2006). The third fail-
ure mode was the delamination of the concrete cover, 
where the premature detachment of the concrete layer 
includes the FRP bars (De Lorenzis and Nanni 2001; 
Barros and Dias 2006; Dias and Barros 2011; Wiwatro-
janagul et al. 2012), which indicates that the efficiency 
of NSM-strengthened beams is restricted to the con-
crete strength and limited spacing between the NSM 
bars. All these types of shear failure modes can be pre-
vented by using proper anchorage.

To date, most studies involving FRP anchors have 
been carried out for beams strengthened in shear 
with EB-FRP sheets/plates (Kalfat et  al. 2013; Kou-
tas and Triantafillou 2013; Shekarchi et  al. 2018), and 
few studies have been carried out on the anchoring of 
NSM-FRP bars. Recently, shear strengthening of RC 
beams using NSM manually made FRP rods has been 
investigated by other researchers (Jalali et  al. 2012; 
Sharbatdar and Jaberi 2018). They focused on a newly 
developed anchorage “T-shaped anchor” for rectangu-
lar RC cross sections. They concluded that the use of 
the end anchors for NSM-FRP strengthening increased 
the contribution of the FRP on the shear capacity by 
approximately 60% compared with that of unanchored 
FRP bars. However, the failure modes were similar to 
those in previous studies. Although closed stirrups 
and U-shaped FRP bars around the beam cross sec-
tion are the most effective strengthening solutions for 
NSM shear strengthening, they are rarely available with 
the required dimensions in practice. In Egypt, all the 
products of FRP bars are imported from outside of the 
country, and it is difficult to import the deformed bars, 

which depend on the dimensions of each cross section 
of the shear-deficient beams.

2 � Research Significance
This paper evaluates applying BFRP bars for the shear 
strengthening of RC T-beams using the NSM tech-
nique. Additionally, this paper introduces a manual 
anchor type for the strengthened beams with NSM-
FRP bars. This anchor is made in the laboratory using 
BFRP bars and BFRP sheets to form closed stirrups 
or U-shaped stirrups. The effectiveness of NSM shear 
strengthening using hybrid BFRP stirrups is examined 
through an experimental study.

3 � Experimental Program
3.1 � Details of the Tested Beams
The shear failure of reinforced concrete beams strength-
ened with NSM-FRP bars is dependent on different 
variables. This study is limited to concerns regarding 
some of the most significant factors: (1) basalt FRP bars 
as a suitable shear strengthening material; (2) anchor-
ing of NSM-FRP bars around the web and through the 
flange using a new anchorage technique; and (3) the 
spacing between NSM-BFRP bars. The main experi-
mental program is composed of six shear-deficient RC 
T-beams. The different T-beams that are tested have 
the same dimensions and the same amount of inter-
nal reinforcement as well as typical arrangements. The 
T-cross section geometry, details of the steel reinforce-
ment, longitudinal geometry, and longitudinal rein-
forcement of the tested beams are shown in Fig. 1. All 
the beams are 1450 mm long (1250 mm, effective span) 
and 300  mm in height (270  mm, the effective depth). 
The flange is 450 mm wide and 70 mm thick. The shear 
span a = 430  mm is constant for all the tested beams, 
and the shear span to depth ratio a/d is 1.6 to ensure 
shear failure.

The tested beams were reinforced in tension with 
five deformed steel bars that were 16 mm in diameter, 
three of which were bent 90° at both ends to achieve the 
anchorage criteria. Shear reinforcement was adopted 
to assure the shear failure mode for all the tested 
beams at the right side span (Fig.  1), where steel stir-
rups with a dimeter of 6 mm and a spacing of 150 mm 
(Ø6@150  mm) were applied. To avoid shear failure at 
the left side span (Fig. 1), steel stirrups with a diameter 
of 8  mm were applied on the left side with a spacing 
of 100 mm (Ø8@100 mm). A three-point bending test 
setup for different shear span lengths was adopted to 
induce shear failure in one span (the right side). The 
following subsequent sections give the details for the 
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tested beams, their instrumentation, and the testing 
procedure in addition to the material properties.

3.2 � Materials Properties
3.2.1 � Properties of the Concrete
The beams were made of concrete with a target compres-
sive strength of 25 MPa. The 28-day compressive strength 
(Fcu) and compressive strength on the day of testing the 
beams were calculated from the average values of three 
standard cubes with dimensions of 150 × 150 × 150 mm.

3.2.2 � Properties of the Steel Reinforcement
Table 1 presents the properties of the transverse and lon-
gitudinal steel reinforcement used in all the specimens. 
These values are the average of the three values obtained 
from the tension test according to ASTM A370-97a 
(1997) and Egyptian code (2007).

3.2.3 � Properties of the FRP Strengthening Materials
Two types of BFRP composites were used in this 
study. The first type was GBF® BFRP bars with 14 mm 
deformed bars (Fig. 2a), and the second type was BFRP 
sheets (BUF-300) produced in China (Shanxi Basalt 
Fiber Technology Co., Ltd.). The properties of the BFRP 
bars were experimentally determined according to the 
ACI 440.3R-04 guidelines (American Concrete Insti-
tute 2004). The total length of all the test specimens 
was 1000 mm, which included the free length (600 mm) 

plus the two anchor lengths (200  mm for each). The 
steel tubes with diameters of 37.5 mm were filled with 
adhesive mortar (Kemapoxy 165. 2016), as shown in 
Fig.  2b. Three test specimens were made to evaluate 
the mechanical properties of the BFRP deformed bars. 
Three strain gauges and one clip gauge were mounted 
on the test section to measure the strains and dis-
placement, respectively (Fig.  2b). The load, strain, and 
displacement were recorded by an electronic data 
acquisition system, as shown in Fig.  2c. All the speci-
mens failed due to rupture of the BFRP bars, as shown 
in Fig. 2d. Based on the average of three test results, the 
tensile strength and modulus of elasticity of the BFRP 
bar (14  mm in diameter) are equal to 772  MPa and 
59.7 GPa, with coefficients of variation (CV %) equal to 
4.3% and 7.6%, respectively. These values yield an ulti-
mate tensile strain of 1.29%. Table  2 summarizes the 
mechanical properties of the BFRP bars. The relation-
ship between the tensile stress and the strains mounted 
on the BFRP bar is shown in Fig.  3. The strain results 
obtained from the clip gauge device gave accurate 
results compared with the results for the strains (1 and 
3), which were affected by the rupture of the fibers. The 
test results showed that the stress–strain relationship 
of the BFRP bars was almost linear up to failure.

The other type was BFRP sheets (BUF-300), which 
were used to form closed stirrups or U-shaped stir-
rups with BFRP bars. The mechanical properties of the 

Fig. 1  Details of the beam specimen (all dimensions in mm).

Table 1  Mechanical properties of the steel reinforcement.

Diameter (mm) Type of steel fy (MPa) fu (MPa) E (GPa) Usage

Ø 6 Mild 360 522 204 Stirrups

Ø 8 Mild 326 485 200 Stirrups

Ф 10 High tensile 509 665 196 Compression steel

Ф 16 High tensile 542 638 203 Tension steel
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BFRP fibers and their nominal thickness are presented 
in Table 3. The properties of the fibers were provided by 
the manufacturer.

3.2.4 � Properties of the Epoxy
A two-part epoxy (Sikadur® 30) was used as the adhe-
sive filler to fix the BFRP bars inside the grooves. Fur-
thermore, a two-part adhesive (Sikadur® 330) was used 
to wrap the BFRP sheet around the BFRP bars to form 
closed or U-shaped stirrups. Table 4 presents the prop-
erties of the epoxies provided by the manufacturer 
(Sikadur®-30; Sikadur®-330).

3.3 � External Strengthening with NSM deformed BFRP 
stirrups

All different beams were strengthened using 14-mm 
deformed GBF® BFRP bars embedded in epoxy-filled 
grooves. Figure 4a shows the typical deformation of these 
bars. The spacing between the NSM reinforcement bars 
controls the failure mode of the NSM reinforcement 
(Dias and Barros 2010); therefore, two different spac-
ings between the BFRP bars were examined, which were 
equal to 100 mm and 200 mm. To prevent debonding and 
increase the shear strength of the NSM-strengthened 
beams, anchorage for the NSM-BFRP bars was applied 
in this study. Three types of anchoring techniques were 
adopted in this study. (1) The BFRP bars were anchored 
using the embedded-through-section (ETS) method 

Fig. 2  Tension test of the BFRP bars: a BFRP bars used in strengthening; b specimen preparation; c test setup; and d mode of failure.

Table 2  Mechanical properties of the BFRP bars.

Type Diameter 
(mm)

Modulus 
of elasticity 
(GPa)

Tensile 
strength 
(MPa)

Rupture 
strain 
(%)

BFRP-14 14 59.7 772 1.29
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Fig. 3  Stress–strain relationship of the BFRP bars.

Table 3  Mechanical properties of the BFRP sheet.

Types 
of fibers

Fiber 
aerial 
weight 
(g/m2)

Thickness 
(mm)

Modulus 
of elasticity 
(GPa)

Tensile 
strength 
(MPa)

Rupture 
strain 
(%)

Basalt 
(BUF7-
300)

300 0.17 91.0 2100 2.6
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(Mofidi et  al. 2012). For this anchorage method, BFRP 
bars were bonded to predrilled holes through the flange 
of the beam with epoxy. (2) The BFRP was anchored 
through the flange using ETS anchorage and through the 
web by using manually made U-shaped BFRP stirrups. (3) 
The BFRP was anchored through the web and flange by 
using manually made closed stirrups. The following sec-
tions provide the details for these anchors.

3.3.1 � Manual Made U‑shaped BFRP Stirrups
Figure  4 shows the manufacturing process of the 
U-shaped BFRP stirrups, which were adopted as the 
shear reinforcement for the beams. The reinforce-
ment consisted of two BFRP bars (Fig.  4a) with diame-
ters of 14 mm and lengths of 270 mm and BFRP sheets 
with dimensions of 200 × 350  mm. The BFRP sheet 
was impregnated with epoxy resin (Sikadur® 330) and 
wrapped around BFRP bars with an overlap length of 
100 mm for each one, as shown in Fig. 4b, c. The direc-
tion of the fibers was in the longitudinal direction of the 
bars. After wrapping the BFRP sheets around the two 
bars, a straight shape was bent to form the U-shape, as 
shown in Fig. 4d.

3.3.2 � Manually Manufactured Closed BFRP Stirrups
Figure 5 shows the manufacturing process of the closed 
BFRP stirrups, which is adopted as the shear reinforce-
ment for the beams. They are made from a BFRP sheet 
wrapped around the BFRP bar ends where the fibers 
are in the direction of the bars. Both BFRP sheets have 
dimensions of 100  mm in width × 200  mm in length 
(fiber direction). The BFRP sheets are impregnated with 
epoxy resin and wrapped around the bar ends seventy 
millimeters from the length, as shown in Fig.  5a. The 
remaining parts of the BFRP sheets, 130 mm, are left dry 
and wrapped, as shown in Fig.  5b. After that, the other 
ends of the BFRP bars are connected with the BFRP 
sheets in a similar way as that of the U-shaped BFRP stir-
rups shown in Fig. 4. The bar is bent to have a U-shape 
with the unimpregnated BFRP sheets at the ends, as 
shown in Fig. 5d, which will be bonded together to form 
closed stirrups during installation after cutting them into 
a fan shape.

3.3.3 � Strengthening Procedure and Instrumentation
The tested beams were strengthened in shear using 
the NSM techniques shown in Fig.  6. BFRP bars with 
a diameter of 14  mm were adopted, and two different 

Table 4  Properties of the epoxy.

Epoxy type Mechanical properties Values

Epoxy (sikadur® 30 [33] Ultimate strength (MPa) 24–27 (15 °C); 26–31(35 °C)

Shear strength (MPa) 14–17 (15 °C); 16–19(35 °C)

Elastic modulus (GPa) 11.2 (23 °C)

Epoxy (sikadur® 330 [34] Ultimate strength (MPa) 30 (23 °C)

Tensile adhesion strength (MPa) Concrete fracture (> 4 N/
mm2) on sandblasted 
substrate

Elastic modulus (GPa) 4.5 (23 °C)

Fig. 4  Fabrication process of U-shaped BFRP stirrups: a BFRP bars; b impregnated BFRP sheet during wrapping; c after wrapping the BFRP sheets 
around the bar ends; and d the final shape of U-shaped hybrid BFRP stirrups.
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spacings “S” were considered, equal to 100  mm and 
200  mm on both sides of the beams. The groove size 
was 25 mm wide and 22 mm deep, as shown in Fig. 6a. 
The grooves were made in the concrete cover of the RC 
beams using rectangular wooden sticks attached to the 
wooden formwork to locate grooves for the NSM-BFRP 
bars. After the concrete was cured, the wooden sticks 
were removed from the concrete specimens, and the 
surfaces of the grooves were grinded to increase the 
friction between the adhesive and concrete. The length 
of the groove was equal to the depth of the beam, which 
meant that the grooves continued with holes drilled 
through the flange of the beam. After the grooves were 
cleaned with acetone, they were half-filled with epoxy 
adhesive (Sikadur® 30) (Fig.  6b) followed by inserting 
the BFRP bars and U-shaped or closed BFRP stirrups, as 
shown in Fig. 6b, c. The bottom corners of the grooves 
were rounded off with epoxy adhesive to decrease stress 
concentration in the BFRP sheets. Finally, the grooves 
were filled with epoxy adhesive, and the surface was 
leveled as shown in Fig. 6d. In the case of strengthening 

using BFRP closed stirrups, the T-beam was inverted, 
and the remaining dry fiber sheets were cut to strips 
similar to a fan shape and impregnated with epoxy, as 
shown in Fig. 7. The strips overlapped around the cross 
section to form closed stirrups. The specimens were 
cured at room temperature for 10 days.

The tested beam details are presented in Table  5 and 
the designation symbols are used hereafter. Beam TBC 
was tested as the control beam that had no strengthen-
ing. The notation for strengthened beam TBS100-ii is as 
follows: the three letters after ‘TBS’ refer to the spacing 
between the vertical BFRP bars (that is, S100: 100  mm 
or S200: 200  mm). The symbol after the dash refers to 
the type of NSM strengthening, which are “ii” for NSM 
strengthening with BFRP side bars (type 1 anchor-
age), “U” for NSM strengthening with manually made 
U-shaped BFRP stirrups (type 2 anchorage), and “[]” for 
NSM strengthening using manually made BFRP closed 
stirrups (type 3 anchorage).

Fig. 5  Fabrication process of the closed BFRP stirrup: a impregnated part of the BFRP sheet during wrapping; b wrapping the BFRP sheet around 
the bar at the end; c after wrapping the BFRP sheets around the bar ends; d wrapping the impregnated BFRP sheet around the bars at the web; and 
e final shape of the closed hybrid BFRP stirrup.

Fig. 6  Strengthening process of the T-beam: a cutting grooves and cleaning them with acetone; b filling half of the grooves with epoxy paste and 
inserting the BFRP bars; c inserting U-shaped or closed stirrups; and d filling the grooves with epoxy paste.
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Each specimen was internally instrumented with four 
strain gauges attached at a critical position on the steel 
reinforcement prior to casting of the beams, as shown 
in Fig.  8. Two strain gauges (SSG-1 and SSG-2) were 
attached on the tension and compression longitudinal 
steel reinforcement, and the other two strain gauges 
(SSG-3 and SSG-4) were attached to steel stirrups at 
the weak shear side of the beams. Externally, each spec-
imen was monitored using a linear variable displace-
ment transducer (LVDT) placed under the applied load 
to measure the maximum deflection of the beam. In 
addition, other strain gauges (BFSG-n, where the num-
ber of strain gauges “n” depend on the number of BFRP 
bars) were installed on the BFRP bars 120 mm from the 
soffit of the beam, with one strain gauge for each BFRP 
bar. The crack initiation and the crack width at the weak 
shear side of the tested beams were monitored using a 
strain gauge attached on the web of the cross section 
and a crack width gauge attached perpendicularly at 
the critical position over the line between the support 
and point of loading. The three-point beam bending 
tests (Fig. 9) were carried out using a 600-kN hydraulic 
test machine, and the applied load was recorded with 

a 2000-kN load cell. The loads and instruments were 
computerized and recorded data using an electronic 
data logger system at a sampling rate of 1  Hz. Crack 
propagation was marked during the test on the other 
side away from the instruments.

4 � Experimental Results and Discussion
4.1 � Overall Response
Table  6 summarizes the test results by listing the ulti-
mate loads, the maximum shear capacities, the cracking 
loads, the deflection corresponding to the ultimate load, 
the failure modes of the tested beams, and the percent-
age of the shear capacity increase with respect to the con-
trol beam (TBC). The cracking load is obtained based on 
the developed strain of the concrete. It is worth noting 
that the cracking load of the NSM-BFRP-strengthened 
beams is close to that of the control beam and depends 
on the concrete strength. The use of NSM-BFRP bars is 
an effective technique for enhancing the shear capacity of 
RC beams, as shown in Table 6. The increase in the shear 
capacity of the strengthened beam ranges from 8.4 to 
81.5% depending on both the spacing between the BFRP 
bars and the type of anchor. The shear capacity of beams 
TBS200-ii and TBS200-[] increased by 8.3% and 39.6%, 
respectively. However, the shear capacity increased by 
46.3%, 81.5%, and 50.7% for beams TBS100-ii, TBS100-
U, and TBS100-[], respectively. These improvements in 
the shear capacity of the strengthened beams empha-
sized the effectiveness of both the U-shaped BFRP stir-
rups and BFRP closed stirrups. The improvement in the 
shear capacity of beam TBS100-U is higher than that 
of beam TBS100-[]. This is attributed to the fact that 
the failure of beam TBS100-[] occurred due to concrete 
crushing at the support zone. Hence, the performance 
of U-shaped stirrups were found to be at least similar 
to that of BFRP closed stirrups, and the ETS anchorage 

Fig. 7  Fabrication process to form a closed BFRP stirrup: a the fiber sheets were cut into strips similar to a fan shape; b the strips were impregnated 
with epoxy and overlapped around the cross section, and c the groove was filled with epoxy adhesive, and the surface was leveled.

Table 5  Properties of the concrete and specimen details.

Beam 
specimen

Fcu28 (MPa) Fcu (MPa)
At test day

Type 
of strength.

Spacing 
“S” (mm)

TBC 25.1 27.8 –

TBS200-ii 25.5 28.9 Bars 200

TBS200-[] 26.2 28.4 Closed stirrups 200

TBS100-ii 31 34 Bars 100

TBS100-U 27.1 32.7 U-stirrups 100

TBS100-[] 30.5 36.5 Closed stirrups 100
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through the flange was sufficient and there was no need 
for closed stirrups for T-cross section beams. The effec-
tiveness of closed BFRP stirrups was expected to be clear 
for rectangular sections, which was out of the scope of 
this study and needs to be studied. Due to the presence of 
the proposed anchorage, the shear capacity increased by 
24% to 29% compared to that of the corresponding beams 
without anchorage. The gained shear force for specimens 

TBS100-[] was excluded because failure was due to 
crushing of the concrete at the support zone.

4.2 � Influence of the Spacing Between the BFRP‑NSM Bars
The shear capacity improvement was dependent on the 
spacing “S” between the BFRP bars where TBS200-ii and 
TBS100-ii increased by 8.3% and 46.3%, respectively, and 
the shear capacity of beams TBS200-[] and TBS100-[] 

Fig. 8  Beam details and instrumentation: a s = 200 mm and b s = 100 mm.
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increased by 39.6% and 50.7%, respectively, based on 
the control specimen. Consequently, the shear capacity 
increased by 30% to 35% due to reduced spacing between 
the BFRP bars compared to the corresponding beams. 
Similar behavior was observed by Rizzo and De Loren-
zis (2009); however, this behavior was contradicted by 
Wiwatrojanagul et  al. (2012), who noticed that decreas-
ing the spacing between the NSM-FRP bars resulted in 
concrete cover splitting failure. The presence of the pro-
posed anchorage prevented premature debonding.

4.3 � Load–Deflection Curve
The load–deflection curves of the different tested beams 
are shown in Fig. 10. The recorded deflection represents 
the deflection at the point of the load application. Prior 
to reaching the ultimate load, the behavior among all 
the beams is almost similar, indicating that the flexural 
stiffness of the beams is not substantially affected by the 
application of NSM-BFRP shear strengthening. How-
ever, the strengthening technique results in considerable 
increases in the ultimate loads, and in turn, the shear 
capacity of the beams increase. Moreover, strengthening 
of the beams increases their ductility, where the deflec-
tion corresponding to the ultimate loads increases by 
30.6% to 181.9% depending on both the spacing between 
the NSM bars and the type of anchorage, as shown in 
Table 6.

By comparing the results for the strengthened beams, 
it is clear that both the U-shaped and closed BFRP stir-
rups contributed to the increased effectiveness in the 
shear strengthening with BFRP bars compared to that 
of the control specimen. Anchoring around the web at 
the soffit of the beams prevented sudden debonding 
of the first NSM-BFRP bar from the support, as will be 
discussed later. An interesting observation from Fig.  10 

is that no brittle failure was observed after reaching the 
ultimate loads even for the control beam (TBC) due to 
the contribution provided by the strong dowel action of 
the longitudinal reinforcement. However, the degrada-
tion of the load after reaching the ultimate load depended 
on the type of strengthening; specimens TBS200-ii and 
TBS100-ii had a higher degradation compared to that of 
specimens TBS200-[], TBS100-[], and TBS100-U. Such 
behavior could be observed because of the presence 
of anchorage around the web at the soffit of the beams, 
which prevented abrupt shear failure. The failure of 
specimen BTS100-U changed from shear failure to flex-
ural failure, as shown in Fig. 10. Moreover, Fig. 11 shows 
the relationship between the load and longitudinal steel 
strain for a given load for different beams, which con-
firms the flexural failure of beam BTS100-U.

4.4 � Crack Pattern and Failure Modes
The cracking load level of the tested beams is shown 
in Table  6. The cracking load depends on the concrete 
strength rather than the strengthening type. The shear 
failure and crack pattern of different tested beams are 
shown in Fig.  12. During the loading of control beam 
TBC, a diagonal shear crack initiated at the middle of the 
shear span at approximately mid-height of the beam at 
a load of 80 kN. This crack propagated toward the sup-
port and point of loading as the load increased, forming 
a major diagonal shear crack at an angle of 48° (Fig. 12a), 
and it widened until failure at a load of 227 kN (shear 
failure, SF). Specimen TBS200-ii, the beam strengthened 
with NSM-BFRP bars without anchoring at the soffit of 
the beam, experienced the first diagonal shear crack at a 
load of 72 kN at an angle of 45o. As the load increased, 
the first shear crack propagated and crossed the first 
BFRP bar, and then another shear crack formed just after 
the end of the first BFRP bar from the support at an angle 
of 60o. A popping noise was noted throughout the test, 
revealing the sudden debonding of the first BFRP bar 
from the support and the failure of the beam, as shown 
in Fig. 12b. Beam TBS200-ii failed at a load level of 246 
kN due to the debonding between the BFRP bar and the 
epoxy (DE) at the end of the BFRP bars. This failure mode 
occurred due to the large spacing between the NSM bars. 
This failure mode was also observed by other researchers 
(De Lorenzis and Nanni 2001; Bianco et  al. 2009; Rahal 
and Rumaih 2011).

Typical shear cracks developed in TBS100-ii, where 
the first shear crack appeared at a load level of 110 kN 
and failure occurred at a load level of 332 kN. The num-
ber of cracks was greater than the number of cracks 
noticed in TBS200-ii; the cracks crossed the BFRP bars, 

Fig. 9  Test setup.
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and failure occurred due to the debonding of the second 
BFRP bar in the location with a relatively small anchor-
age length at the soffit of the beam. The lower part of the 
second BFRP bar from the support along with the epoxy 
and part of the surrounding concrete split away from 
the main concrete of the beam, as shown in Fig.  12c. 
This type of debonding is referred to as concrete cover 
splitting (CCS) and is due to an insufficient anchorage 
length, which is similar to the failure mode observed by 
Rahal and Rumaih (2011).

For specimens with anchors around the web of the 
beam (i.e., TBS200-[], TBS100-[], and TBS100-U), diago-
nal shear cracks started to open up at a relatively equal 
spacing, and the angles of cracks to the beam axis were 
40° to 63°. These cracks initiated approximately at the sof-
fit of the beam and propagated diagonally crossing the 
vertical BFRP bars. The cracks did not appear under the 
epoxy-filled grooves as the modulus of elasticity of the 
epoxy is lower than that of the concrete and the epoxy 
has a higher ductility. With increasing load, the evalua-
tion of the cracking pattern differed between the beams 
with various spacings between the NSM-BFRP bars. For 
specimen TBS200-[], the first shear crack initiated at a 
load of 77 kN, and the failure load was 317 kN. Three of 
the cracks that crossed the BFRP bars widened consid-
erably before failure within the space between the BFRP 
bars; see Fig. 12d. For specimen TBS100-[], the cracked 
load and failure load were 94 kN and 342 kN, respec-
tively. The failure of TBS100-[] was due to the enlarge-
ment of the diagonal shear cracks (shear failure) at the 
shear zone, and sudden failure occurred due to crushing 
of the concrete at the support zone (CCZ); see Fig. 12e. 
This type of failure was likely due to an insufficient quan-
tity of stirrups in this zone due to poor detailing by the 
authors during the planning stage. It should be men-
tioned that adding additional stirrups beyond the support 
might have prevented this failure mode from occurring. 
Consequently, it could be concluded that the failure of 
specimen TBS100-[] was not only due to shear. Both the 
cracking and failure loads of specimen TBS100-U were 
90 kN and 410 kN, respectively. After the initiation of 
the diagonal shear cracks that crossed the BFRP bars, 
one dominant crack initiated with an angle of 69° at the 
soffit of the beam, widened and propagated diagonally 
near the maximum bending moment zone. This crack 
occurred between the two BFRP bars near the point of 
loading, as shown in Fig. 12f. It is worth mentioning that 
strengthening the T-beam with U-shaped BFRP stirrups 
changed the failure mode of the beam from shear failure 
to flexure failure (Fig. 11). It is worth noting that the dif-
ferent beams strengthened with NSM-BFRP bars with 
anchorage failed due to the enlargement of the diagonal 

cracks (shear failure) and had no debonding or concrete 
cover splitting at the strengthened zone even for small 
spacing values (S = 100 mm). This behavior contradicted 
that obtained by Wiwatrojanagul et al. (2012). Providing 
the additional anchorage of the NSM-BFRP bars around 
the web of the beam prevented the premature debonding 
of the NSM-BFRP bars and in turn increased the effec-
tiveness of the NSM-BFRP bars for enhancing the shear 
capacity of the beams.

4.5 � Load and Steel Stirrup Strain Relationship
Figure  13 shows the load versus steel strain curves 
obtained from the strain gauge attached to the second 
stirrup from the support of the beam at the tested shear 
span (“SSG4” shown previously in Fig. 8). It is worth not-
ing that the steel strain is almost negligible up to crack-
ing. Based on this phenomenon, the cracking loads 
of different tested beams were recorded as previously 
reported in Table  6. Once the first crack of the tested 
beam is formed, the strain induced in the steel stirrups 
increases considerably with increasing applied load, 
and the relationship depends on the type of strengthen-
ing. The relationship between the load and the meas-
ured strain shown in Fig.  13 gives essential information 
for quantifying the effect of the strengthening type. The 
strain in the steel stirrups of beam TBC increases at a 
faster rate with increasing load, and the stirrups yielded 
at a much lower load compared to those of the strength-
ened beams. Moreover, the strain in the steel stirrups of 
beams TBS200-[], TBS100-[], and TBS100-U increased 
at a lower rate than the control beam, and the stirrups 
yielded until reaching their failure loads, which was 
also observed by Anwarul (2009). However, the beams 
strengthened in shear without anchorage (TBS200-ii 
and TBS100-ii) failed in shear prior to the yielding of the 
stirrups, which was also observed by Chen et al. (2013). 
Consequently, the yield stress of the steel stirrups in such 
strengthened beams cannot be fully utilized. It is worth 
noting that the efficiency of the anchorage between the 
BFRP bars and sheets with lengths equal to 100  mm 
(Fig. 4b) for U-shaped and closed stirrups has been veri-
fied because no debonding or slipping occurred at these 
connections.

4.6 � Load–BFRP Strain Relationship
The load versus the maximum measured BFRP strains 
at the critical shear location are shown in Fig. 14. The 
maximum strain is measured in the NSM bars that 
intercepted the major shear crack of the RC beams. It 
is worth noting that the BFRP strains are almost neg-
ligible up to cracking, which has a similar tendency to 
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those of the steel stirrups shown previously in Fig. 13. 
In the next part of the curve, the strain in BFRP bars 
increases up to the ultimate load for all the strength-
ened beams due to the transfer of the force to the 
BFRP bars after cracking. However, beyond the ulti-
mate load, the load versus strain relationship behav-
ior depends on the type of anchorage. The strains of 
beams TBS200-ii and TBS100-ii start to decrease dras-
tically after reaching the ultimate loads. This implies 
that sudden debonding occurred, which results in the 
interaction between the concrete, steel stirrups and 
BFRP side bars being ignored. This behavior is also 

reported by Mofidi et al. (2016), where the beams are 
strengthened without anchoring. However, speci-
mens TBS200-[], TBS100-[], and TBS100-U, which are 
strengthened using closed or U-shaped BFRP stirrups, 
show softening behavior beyond the ultimate load. The 
increasing strain of the BFRP bars with the reduction 
in the load is due to the presence of the interaction 
between the concrete, steel stirrups, and BFRP stir-
rups. The effective strain of the BFRP bars depends on 
the type of anchoring and reaches 27–35% of its maxi-
mum strain for beams TBS200-ii and TBS100-ii. This 
ratio of the effective strain to the ultimate strain is very 
similar to that observed by Anwarul (Anwarul 2009) 
(30–35%), where NSM CFRP is used to strengthen 
concrete beams without anchoring. However, the 
effective strain of the BFRP bars is within a range of 
35–59% of its ultimate strain for beams TBS200-[], 
TBS100-[], and TBS100-U.

4.7 � Shear Crack Width
For all the different beams, the crack width of the con-
crete along the shear span was determined using a clip 
gauge with a length of 250 mm attached at the mid-height 
of the cross section and perpendicular to the line between 
the support and the point of loading for all tested beams. 
It is worth mentioning that all the cracks for the tested 
beams occurred through the crack width device. Fig-
ure 15 shows the total width of the shear cracks for all the 

0

50

100

150

200

250

300

350

400

450

0 2 4 6 8 10 12 14

Lo
ad

 (k
N

)

Defl.  (mm)

    TBS100 U

  TBS100 []

   TBS100 ii

  TBS200 []

   TBS200 ii

  TBC

anchoring around the web

Fig. 10  Load versus deflection at the loaded-section of the tested beams.

0

50

100

150

200

250

300

350

400

0 1000 2000 3000 4000 5000 6000

Lo
ad

 (k
N

)

Strain (με)

TBC

TBS200-ii

TBS100-[]

TBS100-U

Fig. 11  Load versus longitudinal steel strain underneath the load 
(SSG-2).



Page 13 of 16Diab and Sayed ﻿Int J Concr Struct Mater           (2020) 14:49 	

Fig. 12  Failure modes and crack patterns of the tested beams.
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tested beams. Strengthening the beams with NSM-BFRP 
bars resulted in a reduction in the crack width at the 
same load level compared with that of the control beam 
(TBC). This improvement in the crack width depended 

on the spacing between the NSM-BFRP bars and the type 
of anchor. Specimen TBS200-ii exhibited a relatively lim-
ited improvement in the crack width and ductility due to 
sudden debonding of the first NSM-BFRP bar from the 

Fig. 13  Load versus steel strain at the mid-height of the second steel stirrup from the beam support in the tested shear span (SSG-4).

Fig. 14  Load versus maximum BFRP strain.
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support. The ultimate load occurred at a crack width 
equal to 0.75 mm for the control beam (TBC), while the 
ultimate loads for the strengthened beams occurred at 
different values ranging from 0.47 to 1.02 mm.

5 � Conclusions
This study reported an experimental program that 
investigated the behavior of RC T-beams strengthened 
in shear with NSM-BFRP bars. The contribution of 
the BFRP bars in shear strengthening was experimen-
tally assessed with six T-section RC beams. Moreover, a 
manual nonmechanical anchorage was developed, and 
its effectiveness was evaluated. The main findings of this 
study were stated as follows:

•	 The test results showed that the NSM method 
using BFRP bars enhanced the shear capacity of 
RC T-beams, and the BFRP bars could be used as a 
shear-strengthening material for RC beams.

•	 The test results emphasized that the use of the pro-
posed anchorage enhanced the shear capacity of RC 
beams. The increase in the shear capacity, based on 
the reference beam, ranged between 8.3 and 46% for 
beams strengthened with NSM-BFRP bars without 
anchorage, and the increase ranged between 39.6 and 
81.6% for beams strengthened with NSM-BFRP bars 
with the proposed anchor.

•	 The test results assured that the use of the proposed 
anchorage enhances the shear contribution of the 
NSM bars. The maximum strains of the BFRP bars 
ranged from 27 to 35% from their ultimate strain 
for strengthened beams without anchorage. How-
ever, these values ranged from 35 to 59% for beams 
strengthened with the proposed anchorage.

•	 Beams strengthened without anchorage failed due 
to the debonding of the NSM-BFRP bars before 
the internal steel stirrups yielded in contrast to the 

beams strengthened with NSM-BFRP bars using the 
proposed anchorage. Thus, internal steel stirrups 
may have contributed less than what was predicted 
by existing shear strength models.

•	 The test results showed that ETS end anchorage for 
U-shaped BFRP stirrups through the flange of the RC 
T-beams was sufficient and there was no need for the 
closed BFRP stirrup technique.
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