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Abstract 

This research investigates the flexural performance of strengthened rubberized concrete beams via bottom, side, 
and hybrid near-surface mounted (NSM) approaches using GFRP/steel rebars. Eleven strengthened specimens, 
alongside one control, were subjected to four-point loading setup till failure. The investigation focused on three key 
parameters: strengthening technique (bottom, side, or hybrid), NSM bar area, and bar type (GFRP or steel). The results 
revealed significant improvements across various performance metrics. It was demonstrated that NSM strengthening 
enhanced the beam’s cracking loads by up to 90%. Correspondingly, the strengthened beam’s yield and ultimate loads 
witnessed enhancements up to 48% and 79%, respectively. Notably, the load-carrying ability of GFRP bars consistently 
outperformed steel bars. Additionally, increasing the quantity of NSM strengthening proved beneficial, with bottom 
placement offering a slight advantage due to a larger internal lever arm. The proposed hybrid NSM technique, employ-
ing three 8-mm-diameter GFRP bars, emerged as the most effective strengthening scheme. However, utilizing four 
bars resulted in decreased effectiveness due to overlapping tensile stresses and accelerated debonding failure. Finally, 
the experimental results were compared to analytical predictions, with close agreement observed. The experimental-
to-predicted analytical result ratio varies from 0.84 to 1.01%, indicating the validity of the analytical approach.
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1  Introduction
Structural strengthening is the process of improving a 
structure’s resistance to current or future loads. Strength-
ening may be needed for different  reasons, including 
deterioration, change of functionality, and errors dur-
ing the construction procedure (Almusallam et al., 2013; 
Kusuma et al., 2022).

Previous studies have shown that using fiber rein-
forcement polymers (FRPs) for strengthening reinforced 

concrete (RC) elements proved effective. FRPs have 
been commonly relied on to strengthen RC elements 
because of the excellent strength-to-weight ratio, sim-
ple installation, and high resistance to corrosion (Attari 
et  al., 2012; Reda et  al., 2016; Siddika et  al., 2020). The 
most common FRP strengthening methods for improv-
ing the flexure strength of RC elements are externally 
bonded reinforcement (EBR) and near-surface mounted 
(NSM) techniques. Both approaches involve bonding the 
strengthening element to the tensile face.

Several studies have examined the efficacy of applying 
EB FRP laminates or sheets to strengthen RC elements 
(Abdalla et  al., 2020, 2023; Assad et  al., 2024; Ceroni & 
Pecce, 2012; Domenico et  al., 2014; Emara et  al., 2021, 
2022, 2023a, 2023b; Hawileh et  al., 2014, 2015, 2018, 
2024; Kotynia, 2012; Mhanna et  al., 2019; Mostofinejad 
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& Moghaddas, 2014; Nawaz et  al., 2022; Nayak et  al., 
2018; Saqan et al., 2013). One major drawback of the EBR 
method is its tendency to experience premature debond-
ing, which limits the FRP strengthening maximum 
capacity. Furthermore, this method has its downsides, 
including the pretreatment procedures, installation time, 
the alteration of the structural members’ appearance, 
and vulnerability to thermal, climatic, and mechanical 
damage.

The bottom NSM (BNSM) method is implemented 
by trimming grooves in the bottom concrete layer and 
installing FRP bars or strips with proper filler, usually 
epoxy adhesive or mortar (Lorenzis, 2000). According to 
several studies (Darain et  al., 2015; Hosen et  al., 2015a, 
2015b, 2016a, 2016b, 2023a; Rahman et  al., 2016), in 
comparison to the EBR, the BNSM-FRP system is con-
sidered an effective alternative as it requires less sur-
face preparation, enhances protection against external 
damage, and, while premature  debonding failure is not 
avoided, the bond capacity is improved, thereby increas-
ing the FRP utilization (Al-Saadi et al., 2019; Barros et al., 
2007; Bilotta et al., 2011, 2015; Gopinath et al., 2016; Lor-
enzis & Teng, 2007; Zhang et al., 2017).

Khalifa (2016) evaluated the efficacy of BNSM and EBR 
techniques using carbon FRP (CFRP) to improve the flex-
ural characteristics of RC beams. While the BNSM-CFRP 
strengthened beams exhibited increased ultimate loads, their 
failure mode involved debonding and concrete cover peeling, 
highlighting limitations in this approach.

In their study, Tang et  al. (2006) analyzed how the 
bending performance of the BNSM-strengthened beams 
was affected by the concrete type, reinforcing rebars 
(GFRP and steel), and adhesive. Their findings revealed 
significant improvements in ultimate capacity, ranging 
between 23 and 53% compared to control beams.

In their investigation of RC beam flexural behavior 
using BNSM technique, Sharaky et  al. (2015) employed 
both GFRP and CFRP bars. They tested beams with both 
partially bonded and fully bonded BNSM bars to under-
stand the influence of bond behavior on flexural perfor-
mance. The stiffness and bearing capacity of fully bonded 
reinforcements were higher. It was noted that the rein-
forced samples experienced failure due to concrete cover 
separation, concrete splitting, and debonding occurring 
at the epoxy–concrete interface.

Although studies have shown that the BNSM sys-
tem could considerably enhance the bending behavior 
of RC beams, this system may have some limitations. 
According to ACI 440.2R (2017), NSM systems require 
grooves no less than 1.5 times the bar diameter, clear 
groove spacing more than twice the groove depth to 
evade tensile stress overlap, and clear edge distance 
four times the groove depth to diminish edge effects, 

which implies the need for adequate  width of the RC 
beams, which may not be available in practice. Further-
more, the BNSM system may  not be feasible, particu-
larly when the beam widths are occupied by partitions 
such as brick walls.

Hosen et  al., (2015c, 2017a, 2018, 2019, 2020, 2023b) 
and Shukri et  al., (2016) employed the side near surface 
mounted (SNSM) approach as an alternative way to over-
come the limitations of the BNSM system. Counter to the 
BNSM system, this approach involves inserting the rein-
forcement into grooves provided to the beam sides rather 
than bottom. The results of the experiments revealed that 
the SNSM approach notably improved the behavior and 
ensured ductile failure. Comparing the steel bars to the 
CFRP bars, the former showed greater ductility.

According to Sabau et  al. (2018), their investigation 
into SNSM and BNSM techniques revealed that SNSM 
efficiently addressed the issue of concrete cover separa-
tion in tested beams. This not only improved the over-
all capacity of the beams, but also enhanced their energy 
dissipation capabilities.

Hosen et  al. (2017b) demonstrated that the SNSM tech-
nique significantly enhances the capacity, energy absorption, 
toughness, and deformability of structures. Notably, their 
study revealed that the bonded length among the strength-
ening reinforcement and the original element contributes 
more significantly to improve flexural behavior compared to 
the amount of reinforcement used.

Partially replacing natural aggregates in concrete with 
crumb rubber from recycled tires is one of the acceptable 
solutions for its safe disposal to protect the environment 
and preserve the aggregates. Although there are concerns 
about the reduction of concrete’s strength in compres-
sion and tension, as well as its elastic modulus, integrat-
ing rubber tires, partially replacing both coarse and fine 
aggregates, offers promising improvements for concrete 
structures. These benefits include enhanced deformabil-
ity, increased energy absorption, and improved impact 
resistance. Additionally, the resulting mix boasts a lower 
unit weight and suitable workability compared to conven-
tional concrete (Gerges et al., 2018; Mendis et al., 2017a; 
Toutanji, 1996; Xue & Shinozuka, 2013). Limiting rubber 
content to a maximum of 20% by volume of fine aggre-
gates is recommended to minimize its influence on the 
concrete mechanical characteristics (Khatib & Bayomy, 
1999; Mustafa et al., 2020).

Mendis et  al. (2017b) investigated reinforced rubber-
ized concrete beams’ flexural behavior. Results revealed 
that the ultimate bending capacity of the beams remained 
largely unchanged by quantity of rubber utilized. Fur-
thermore, the flexural capacity and cracking load of rub-
berized concrete could be predicted accurately using the 
current design guidelines.
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Sharaky et al. (2020) evaluated the effects of the crumb 
rubber ratio on the performance of RC beams. The study 
discovered that adding crumb rubber particles as a par-
tial replacement of fine aggregate reduced load capacity. 
However, utilizing welded wire mesh as shear reinforce-
ment enhanced beam capacity and switched failure from 
shear to flexural.

This study investigates the flexural performance of RC 
beams incorporating rubber. The goal is twofold: to leverage 
the potential environmental benefits of rubber and to miti-
gate any drawbacks associated with its use in RC structures. 
The research examines beams strengthened with two dif-
ferent techniques employing NSM systems: a bottom NSM 
system, a side NSM system, and a hybrid system that com-
bines both approaches. The investigation was carried out 
by studying key parameters such as (strengthening distribu-
tion, strengthening area, and strengthening material). The 
results are comprehensively analyzed considering several key 
aspects: load capacities achieved, load–deflection behavior, 
observed failure modes, ductility index, and energy absorp-
tion capacity.

2 � Experimental Program
2.1 � Materials Characteristics
2.1.1 � Mix Proportions
The current investigation utilized a rubberized concrete mix 
(RUC), with the proportions shown in Table  1 presenting 
15% replacement level of fine natural aggregates with slight 
adjustments to the mix presented in Yasser et  al. (2023). 
The mix constituents include Ordinary Portland Cement 
(CEM I 42.5), locally available dolomite as coarse aggregate, 
clean sand as fine aggregate, potable water, crumb rubber, 
and superplasticizer. The dolomite had a maximum size of 
15 mm and a specific gravity of 2.67. The natural sand was 
clean, with a fineness modulus of 2.5 and a specific grav-
ity of 2.65. The crumb rubber used was manufactured with 
sizes between 1 and 2 mm, and a relative density of 0.9 as 
provided by the manufacturer (Marso-Egypt). High range 
water-reducer marketed under the name Addicrete BVF 
utilized to enhance the workability of the mix. The concrete 
cube testing was performed according to BS EN 12390-3 
(2009a), with standard 150  mm × 150  mm × 150  mm cubic 
specimens. The cube’s 28-day average compressive strength 
was 29.78  MPa. The splitting tensile tests was carried out 
in accordance with BS EN 12390-6 (2009b), with standard 

150 mm diameter × 300 mm height cylinders. The cylinder’s 
average tensile splitting strength was 2.46 MPa.

2.2 � Epoxy Adhesive
The strengthening steel/GFRP bars were attached to the 
concrete  using a two-component epoxy resin, commer-
cially named Kemapoxy 165, with a 12:1 mixing ratio. 
Specifications for the resin are shown in Table 2 based on 
supplier data sheets.

2.3 � Reinforcement
High-grade steel rebars of 12  mm were employed as 
internal tensile reinforcement. 8 mm mild steel bars were 
utilized as internal compression reinforcement, trans-
verse stirrups and were utilized in the flexural strength-
ening of the RC beam specimens. Three GFRP bar sizes 
6, 8 and 10 mm were utilized in strengthening the con-
crete beams. Table  3 summarizes steel and GFRP rein-
forcement properties reported by the supplier.

2.4 � Test Matrix
This study investigated 11 concrete specimens in all. The 
specimens were classified into five sets according to the 
strengthening technique and type of strengthening bars. 
For the first set, one specimen was kept un-strength-
ened as a control for comparison purposes. The second 
set contains three specimens strengthened with two 

Table 1  Mix proportions

Concrete Cement Fine aggregate Coarse aggregate Water/cement Crumb rubber Super- plasticizer
(kg/m3) (kg/m3) (kg/m3) (ratio) (kg/m3) (kg/m3)

RUC​ 400 600 1100 0.40 28 2.0

Table 2  Technical data of Kemapoxy 165 at 25 °C

Property Kemapoxy 165

Density 1.95 ± 0.02 kg/l

Compressive strength (MPa)  > 80

Flexure strength (MPa)  > 40

Adhesive strength on concrete (MPa) 10.3

Table 3  Steel and GFRP reinforcement properties

Bar 
material

Diameter 
(mm)

Yield 
stress 
(MPa)

Ultimate 
stress 
(MPa)

Ultimate 
strain

Young’s 
modulus 
(GPa)

Steel 8 280 420 22.00% 200

12 420 600 15.00% 200

GFRP 6, 8, 10 - 1000 2.13% 47
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GFRP bars through the BNSM approach to investigate 
the influence of GFRP bar diameter (6, 8, and 10  mm). 
The third set was designed similarly to the second one 
except that the strengthening was applied through the 

SNSM technique as shown in Fig. 1. For the fourth set, 
two beams were strengthened using BNSM and SNSM 
techniques, respectively, by applying two steel bars of 
size 8 mm. For the fifth set, two beams were strengthened 

Fig. 1  Test specimens detailing
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with hybrid NSM technique: the first with three 8  mm 
GFRP bars and the second with four 8  mm GFRP bars, 
as illustrated in Fig. 1. Table 4 presents the experimental 
test matrix for the experimented specimens.

2.5 � Beams Configuration
Figure 1 depicts the size and reinforcing scheme of exper-
imented beams. Beams measured 150  mm × 250  mm in 
cross-section, had a total length of 1800 mm, a clear span 
of 1600  mm, and a shear span of 575  mm. The beam’s 
internal  reinforcement comprises two tension deformed 
steel bars of 12 mm and two compression mild steel bars 
of 8  mm. Stirrups of 8  mm were placed every 100  mm 
throughout the shear span, as shown in Fig. 1.

According to ACI 440.2R (2017), the minimum groove 
dimensions for both BNSM and SNSM-strengthened 
beams were 1.5 times the size of an NSM bar. For BNSM-
strengthened beams, the clear edge distance was retained 
at 4.5 times the size of the NSM bar to guarantee that the 
distance between grooves in all BNSM beams is at least 
twice the groove depth as per ACI 440.2R (Committee, 
2017). For SNSM strengthened specimens, the grooves 
were cut 30 mm above the tension face.

2.6 � Strengthening Procedure
The installation of strengthening bars is shown in 
Fig.  2. The strengthening bars were inserted in longi-
tudinal grooves which were formed during the casting 
process using square wood strips with the requisite 
groove dimensions as presented in Fig. 2a. The wooden 
strips were inserted inside the beam molds prior to 
casting and then removed after demolding. After 
28 days of curing, the test specimens were strengthened 
with bars. As shown in Fig.  2b, prior to inserting the 

strengthening bars, the grooves were cleaned using a 
high-pressure air jet. Figure 2c shows how the grooves 
were partially filled with epoxy resin before the bars 
were inserted into the grooves with slight force. After 
applying more epoxy to the slits, a spatula was used to 
level the surface as illustrated in Fig. 2d. To help attain 
the full strength of the bonding material, the specimens 
were examined after 2  weeks of applying the epoxy 
resin. The bond length for all BNSM and SNSM beams 
was 1400 mm as shown in Fig. 1.

2.7 � Test Setup
The specimens were experimented on in a four-point 
loading setup using a 2500-kN capacity testing machine 
as illustrated in Fig. 3. The load applied by the hydrau-
lic machine was distributed to the tested beam via a 
spreader steel beam. A calibrated load cell was utilized 
to capture the practical load. The mid-span deflection 
was monitored using a single linear variable differen-
tial transformer (LVDT). A data logger was used for 
recording the load and deflection measurements.

3 � Test Results and Discussion
Table 5 summarizes the test findings with respect to the 
cracking load (Pcr), the yielding load (Py), the ultimate 
load (Pu), and their associated deflections (Δcr, Δy, 
Δu). It ought to be mentioned that the slope variations 
in the load–deflection curves were used to determine 
both (Pcr) and (Py). The table also includes the energy 
absorption capacity (Eab), ductility index (DI), and 
observed modes of failure.

Table 4  Test matrix

Group Notation Strengthening technique Strengthening bars Test variables

Number Diameter 
(mm)

Material

Control CB Control beam (un-strengthened) Control beam

G1 BNG2-8 BNSM 2 8 GFRP BNSM technique

BNG2-6 6 BNSM technique and strengthening area

BNG2-10 10 BNSM technique and strengthening area

G2 SNG2-8 SNSM 2 8 GFRP SNSM technique

SNG2-6 6 SNSM technique and strengthening area

SNG2-10 10 SNSM technique and strengthening area

G3 BNS2-8 BNSM 2 8 Steel BNSM technique and strengthening material

SNS2-8 SNSM SNSM Technique and strengthening material

G4 BSNG3-8 Hybrid (BNSM and SNSM) 3 8 GFRP Hybrid technique and strengthening area

BSNG3-4 4 8 GFRP Hybrid technique and strengthening area
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3.1 � Load Capacity
As presented in Table  5, strengthening beams utilizing 
the NSM approach outperformed the control beam in 
terms of cracking, yielding, and ultimate loading values.

For beams in group G1, strengthened with the BNSM 
technique, the beam BNG2-8, which had two bottom 
8-mm-diameter GFRP bars, demonstrated a 45% increase 
in ultimate loading capacity. Replacing the 8  mm bars 
with 6  mm and 10  mm in beams BNG2-6 and BNG2-
10, the ultimate capacity increased by 35% and 78%, 

respectively. This shows that increasing the area of the 
strengthening reinforcement results in higher ultimate 
loading values, as expected.

The group G2 beams were strengthened using the 
SNSM approach. Among these, beam SNG2-8 had a sim-
ilar reinforcing area as BNG2-8, but the strengthening 
position was changed from the bottom to the side, show-
ing a 35% improvement in ultimate capacity. The ultimate 
capacity increased by 18% and 54% when the 8-mm bars 
were replaced with 6 mm and 10 mm in beams SNG2-6 

Fig. 2  Strengthening procedure in lab
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and SNG2-10, respectively. Although the loading capac-
ity increased with increasing the area of the strengthen-
ing reinforcement, similar to G1, the enhancement for 
G2 SNSM-strengthened beams (18–54)% was less than 
that of G1 BNSM-strengthened beams (35–78%). This 
was attributed to the lower internal lever arm, which 
decreased strengthening efficiency.

The beams from group G3 were strengthened with two 
bottom 8 mm steel bars utilizing both BNSM and SNSM 
techniques for BNS2-8 and SNS2-8 beams, respectively. 
These techniques resulted in a 34% and 29% enhance-
ment in ultimate capacity for the BNS2-8 and SNS2-8 

beams, respectively, with the BNSM technique proving to 
be more efficient. In comparison to the beams BNG2-8 
and SNG2-8, the GFRP-strengthened beams demon-
strated higher capacities due to GFRP’s higher ultimate 
strength than steel.

Group G4 beams were strengthened using a hybrid 
NSM technique. The beam BSNG3-8 was strengthened 
using three 8-mm-diameter GFRP bars (one at the bot-
tom and two on the sides), resulting in a 79% increase in 
ultimate capacity. On the other hand, beam BSNG4-8, 
although it was strengthened with four 8-mm-diameter 
GFRP bars (two at the bottom and two on the sides), 

Fig. 3  Test setup
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showed only a 71% increase in ultimate capacity due to 
the overlapping tensile stresses around the strengthening 
bars and accelerated debonding failure due to the prox-
imity of bottom and side grooves. It is worth noting that 
the total NSM area in BSNG3-8 is 150.8 mm2, exhibiting 
the highest increase in ultimate capacity showing more 
efficiency than BNG2-10 and SNG2-10 with a total NSM 
area of 157.1 mm2. This indicates that the hybrid NSM 
technique has significant potential.

3.2 � Load–Deflection Response
Figure  4 displays the load versus mid-span deflection 
responses of the examined specimens. All curves pre-
sent a tri-linear response divided into three stages: pre-
cracking, cracking, and post-cracking. The strengthened 
beams exhibited linear elastic behavior like the reference 
beam, with no significant impact on stiffness during the 
pre-cracking stage; however, compared to the reference 
beam, the initial cracking load increased significantly. 
During the cracking stage, from first cracking to steel 
yielding, the strengthening improved the specimen stiff-
ness as well as the yielding load relative to the reference 
beam. In the post-cracking stage, after the steel yielding, 
as the applied loads on the beam increased, the mid-span 
deflection increased at a faster pace than in prior stages. 
NSM GFRP/steel bars monitored the cracks and their 
widths during this stage, with bending stiffness gradually 
decreasing until failure.

Figure  4a presents load–deflection curves for the 
BNSM GFRP specimens. In the first stage, the strength-
ened G1 specimens showed a considerable increase of 
35–61% in the first cracking load. In the second stage, 
stiffness was enhanced along with yielding loads by 
15–31%. In the third stage, the strengthened specimens 

demonstrated greater ultimate capacities. However, the 
ductility index was lower, and there was a drop in the 
ultimate mid-span deflections of 20.24–22.56  mm com-
pared to the 34.00 mm of the control beam.

Load–deflection curves for the SNSM GFRP speci-
mens are illustrated in Fig.  4b. Similarly, the SNSM 
GFRP-strengthened beam’s cracking and yielding loads 
increased by 17–47% and 9–19%, respectively, slightly 
lower than the corresponding G1 specimens. Although 
the SNSM specimens demonstrated lower ultimate 
capacities and ultimate mid-span deflections between 
17.28 and 20.10  mm, the ductility index was improved 
compared to the previous BNSM specimens.

Figure  4c shows load–deflection curves for the steel 
specimens. The first-stage stiffness and cracking loads 
were higher relative to their equivalent GFRP specimens. 
The cracking loads of the BNS2-8 specimen increased 
by 70%, whereas the SNS2-8 specimen showed a slightly 
lower increase of 63%. Similarly, the second stage showed 
an enhancement in the stiffness and yielding loads by 
48% for BNS2-8 and 39% for SNS2-8. In the third stage, 
in contrast to the enhanced capacity for yield and crack-
ing loads, strengthened beams with steel bars demon-
strated lower ultimate capacities compared to the GFRP 
specimens. The different slope behavior was due to the 
higher elastic modulus of the steel strengthening com-
pared to the GFRP strengthening. The ultimate mid-span 
deflections recorded were 20.64–22.34 mm and the duc-
tility index for the steel specimens was higher than the 
GFRP specimens.

Load–deflection curves for the hybrid strengthened 
specimens are shown in Fig. 4d. The hybrid strength-
ening scheme resulted in a 77% and 24% improvement 
in cracking and yielding loads, respectively, for the 

Table 5  Experimental results

The values in parentheses represent the ratio of the recorded load of the reinforced specimen to the control load

CC concrete crushing, CS concrete splitting, CCS concrete cover separation, ED external debonding, ID intermediate debonding

Group Notation Pcr Δcr Py Δy Pu Δu Eab DI Failure mode
(kN) (mm) (kN) (mm) (kN) (mm) (kN mm)

Control CB 19.9 0.30 66.1 4.60 78.6 34.00 2398 7.39 CC

G1 BNG2-8 29.1 (1.46) 0.72 85.5 (1.29) 5.98 114.2 (1.45) 22.56 2055 3.77 CS → CC

BNG2-6 26.8 (1.35) 0.78 75.7 (1.15) 5.00 104.6 (1.35) 20.24 1665 4.05 ED → CC

BNG2-10 32.1 (1.61) 1.02 86.6 (1.31) 5.70 139.8 (1.78) 20.94 2063 3.67 CS → CC

G2 SNG2-8 28.0 (1.41) 0.64 72.6 (1.10) 4.22 106.3 (1.35) 17.28 1408 4.09 CC → ED

SNG2-6 23.3 (1.17) 0.68 71.7 (1.08) 4.60 93.0 (1.18) 20.10 1520 4.37 CC → ID

SNG2-10 29.3 (1.47) 0.54 78.6 (1.19) 4.65 120.8 (1.54) 18.25 1643 3.92 CC → ED

G3 BNS2-8 33.9 (1.70) 0.66 97.6 (1.48) 5.18 105.3 (1.34) 20.64 1902 3.98 CC → CS

SNS2-8 32.4 (1.63) 0.60 91.8 (1.39) 5.32 101.6 (1.29) 22.34 1990 4.20 CC

G4 BSNG3-8 35.2 (1.77) 1.04 82.1 (1.24) 5.00 140.9 (1.79) 29.78 3240 5.96 CC → ED

BSNG4-8 37.8 (1.90) 0.72 89.0 (1.35) 4.78 134.6 (1.71) 17.58 1775 3.68 CCS



Page 9 of 17Emara et al. Int J Concr Struct Mater           (2025) 19:58 	

BSNG3-8 specimen and a 90% and 35% improvement 
for the BSNG4-8 specimen, similar to all strengthened 
beams. BSNG3-8 exhibited the optimum performance 
exhibiting the highest increase in ultimate capac-
ity with mid-span deflection of 29.78  mm showing 
the highest ductility index compared to all strength-
ened specimens. The BSNG4-8 with the highest NSM 
strengthening area has shown less performance than 
the BSNG3-8 due to the stress concentrations and pre-
mature debonding experiencing an ultimate mid-span 
deflection of 17.58 mm.

3.3 � Modes of Failure
In this study, Fig. 5 illustrates the observed failure mech-
anisms of all specimens investigated. The reference 
specimen, as anticipated, experienced the typical flex-
ural failure (yielding of tension steel preceding concrete 
crushing), as indicated in Fig.  5a. A hairline crack first 
appeared at midspan, and as the applied stress increased, 
more cracks emerged. Eventually, failure occurred near 
the beam’s midspan due to the spread of vertical cracks.

For beams in group G1 (BNG2-8, BNG2-6, and BNG2-10), 
the cracks were thinner in comparison to the reference spec-
imen. However, as the main internal reinforcement yielded, 
inclined shear cracks developed from the NSM cutoff point, 

Fig. 4  Load–deflection relationship



Page 10 of 17Emara et al. Int J Concr Struct Mater           (2025) 19:58 

Fig. 5  Modes of failure of the investigated beams
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and the crack’s width grew with the applied stress increase. 
The dominant failure mode for G1 beams was prema-
ture debonding followed by crushing of concrete. Speci-
men BNG2-8 exhibited a concrete cover splitting followed 
immediately by concrete crushing, as shown in Fig. 5b. As 
observed in Fig. 5c, the BNSG-6 beam failed by end inter-
facial debonding followed by concrete crushing. BNG2-
10 beam exhibited intermediate concrete cover splitting 

followed by crushing of concrete above the splitting position, 
as shown in Fig. 5d.

Adopting the SNSM technique in group G2 (SNG2-
8, SNG2-6, and SNG2-10), showed more ductile failure 
modes compared to G1 specimens, as no evidence of 
debonding was observed until the compressed concrete 
had started to crush and the ultimate load was reached. 
SNG2-8 exhibited concrete crushing at one of the two 

Fig. 5  continued
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load application points, followed by end debonding 
initiated by the flexure-shear cracks, as illustrated in 
Fig.  5e. The SNSG-6 beam exhibited an intermediate 
crack debonding, after failing due to concrete crushing, 
as shown in Fig.  5f. Similarly, the SNG2-10 beam only 
exhibited end debonding after the initiation of concrete 
crushing, as shown in Fig. 5g.

Group G3 beams (BNS2-8 and SNS2-8), followed the 
same pattern with no debonding observed until reaching 
the ultimate capacities as G2 specimens. For beam BNS2-
8, crushing of the top compressed concrete was initiated 
adjacent to one of the loading points accompanied by 
concrete cover splitting just after, as illustrated in Fig. 5h. 
SNS2-8 beam exhibited concrete crushing between the 
two loading points with no evidence of any debonding 
failure, as shown in Fig. 5i.

For group G4 beams, BSNG3-8 showed end debond-
ing failure only after reaching the ultimate capacity and 
crushing of the compressed top concrete, as shown in 
Fig.  5j; whereas, for the BSNG4-8 specimen due to the 
proximity of the side and bottom grooves and the high-
stress concentration, a concrete cover separation was 
exhibited when the shear and normal stresses intersect 
inducing premature debonding, as shown in Fig. 5k.

3.4 � Ductility Index
The ductility index determined from the load–deflec-
tion curves shows the ability to withstand inelastic 

distortions without incurring a significant loss in the 
capacity to carry loads before failure, offering an indi-
cation of approaching collapse (Imjai et al., 2022). The 
index is computed as the ratio of deflections at ultimate 
and yielding loads (Δu/Δy) (Sharaky et  al., 2020). The 
results listed in Table 5 enumerate the findings and are 
depicted graphically in Fig. 6.

All the strengthened beams had a lower ductil-
ity index than the reference beam. For G1 specimens 
(BNG2-8, BNG2-6, and BNG2-10), the decrease in the 
DI was 49%, 45%, and 50%, respectively. It was noticed 
that the DI decreased with increasing the strengthening 
amount. Similarly, for G2 specimens (BNG2-8, BNG2-
6, and BNG2-10), the ductility index DI decreased by 
45%, 41%, and 47%, respectively. However, the SNSM 
approach provided more ductile behavior than the 
BNSM approach, as demonstrated by higher DI val-
ues in G2 specimens compared to G1 specimens. It 
has been observed that replacing GFRP bars with 
steel bars in G3 specimens has resulted in a higher DI. 
The decrease in DI for BNS2-8 and SNS2-8 was 46% 
and 43%, respectively. For G4 specimens, BSNG3-8 
has shown the least decrease in DI by only 19% while 
BSNG4-8 has shown a decrease by 50%.

3.5 � Energy Absorption Capacity
Energy absorption capacity is the amount of energy absorbed 
per unit cross-sectional area of a specimen at extreme 

Fig. 6  Ductility index of the investigated beams
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deflection points (Abdallah et al., 2020). In the current inves-
tigation,  energy absorption capacity was measured using 
the area under the load against mid-span deflection curves 
shown in Fig. 4, up to the ultimate load. Table 5 enumerates 
the findings and depicts them graphically in Fig. 7.

Except for BSNG3-8, the strengthened beams had 
lower energy absorption capabilities than compared 
to the reference beam. SNSM GFRP beams had lower 
energy absorption capacities than BNSM GFRP beams. 
In contrast, the SNSM steel specimen has shown 

Fig. 7  The energy-absorbing capability of the investigated beams

Fig. 8  Strain and equivalent stress distribution for beam section
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enhanced energy absorption capacities than the BNSM 
steel specimen. The bottom and side GFRP specimens 
demonstrated better bending performance than the cor-
responding steel equivalents. Nevertheless, steel speci-
mens had better energy absorption capabilities. The 
hybrid distribution of GFRP bars in the BSNG3-8 dem-
onstrated the maximum flexure and energy absorption 
capacities, outperforming all other evaluated beams 
in this study. Although the BSNG4-8 had the highest 
amount of NSM reinforcement, the ineffective distribu-
tion of the reinforcement led to premature debonding, 
preventing the specimen from achieving full flexural 
strength and leading to low energy absorption capability.

4 � Analytical Investigation
4.1 � Ultimate Load Prediction
In this work, the ultimate load for NSM strengthened 
beams is assessed analytically using the ACI 440.2R 
(2017), based on equilibrium of forces and strain correla-
tion from the analysis of the section illustrated in Fig. 8. 
The analysis is performed in the constant moment zone 
assuming failure due to concrete crushing after tension 
reinforcement yielding.

Equilibrium equation of forces:

where
Compressive concrete force:

Tensile main reinforcement force:

Tensile NSM bars force:

The maximum NSM bars strain, corresponding to the 
ultimate load, was evaluated using the similarity of trian-
gles assuming the ultimate compressive strain in concrete 
to be equal to 0.003:

where:

Using the previous formulae, the location of the neutral 
axis might be computed using the following relation:

(1)Fc = Fs + Fnsm,

(2)Fc = fc′ × b1 × b × c,

(3)Fs = As × fy,

(4)
Fnsm = Ansm × fnsm = Ansm × Ensm × ensm.

(5)εnsm = εcu ×
dnsm − c

c
≤ εnsmu,

(6)εnsmu =
fnsmu

Ensm
.

The ultimate moment could be computed using the fol-
lowing relation:

Finally, the ultimate load could be computed using the 
following relation:

where
Clear span: L = 1.6 m,
Distance between two-point loads: a = 0.45 m.

4.2 � Analytical and Experimental Results Comparison
The results for the ultimate load (Pu), obtained both ana-
lytically and experimentally, are summarized in Table 6. 
The experimental-to-predicted analytical result ratio var-
ies from 0.82 to 0.99%. It can be concluded that the ana-
lytical results showed a close prediction of the nominal 
capacity compared to the experimental investigation.

5 � Conclusions
Current research examines the flexure performance 
of rubberized concrete beams strengthened with bot-
tom, side, and newly proposed hybrid NSM systems. 
The experimental investigation included 11 RC beams 
and investigated the influence of several aspects such as 
strengthening area, distribution, and type. The research 

(7)
(fc′ × b1 × b) c2 + (Ansm × Ensm × ecu − As × fy) c

− Ansm × Ensm × ecu × dnsm = 0.

(8)
Mu = As × fy × (d− 0.5 × b1 × c) + Ansm

× Ensm × ensm× (dnsm − 0.5 × b1 × c).

(9)Pu =
4 × Mu

L− a
,

Table 6  Experimental vs analytical ultimate loads

Group Notation Pu 
(experimental)

Pu 
(calculated)

Pu 
(experimental)/
Pu (calculated)

(kN) (kN) (kN)

Control CB 78.6 70 0.89

G1 BNG2-8 114.2 108.6 0.95

BNG2-6 104.6 96.5 0.92

BNG2-10 139.8 119.8 0.86

G2 SNG2-8 106.3 102.9 0.97

SNG2-6 93.0 91.9 0.99

SNG2-10 120.8 113.7 0.94

G3 BNS2-8 105.3 90.3 0.86

SNS2-8 101.6 88.5 0.87

G4 BSNG3-8 140.9 115.1 0.82

BSNG4-8 134.6 125 0.93

Average 0.91
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evaluates the load capacities, load–deflection behavior, 
modes of failure, ductility index, and energy absorption 
capacities, and the below findings could be identified:

•	 The NSM technique enhanced rubberized con-
crete beam flexural performance  regardless of 
strengthening scenario. The load-carrying capacity 
increased 18–79% over control beam. The initial 
cracking load enhancement was 17–90%.

•	 Increasing NSM reinforcement from 57 to 157 
mm2 increased load-carrying capability from 35 to 
78% for GFRP BNSM specimens and 18% to 54% 
for GFRP SNSM specimens. Due to the increased 
internal arm, BNSM showed a higher loading 
capacity.

•	 Steel NSM specimens had lower flexural capacity 
and stiffness than GFRP specimens, but using steel 
bars can be cost-effective. The steel BNSM speci-
men increased its loading capacity by 34%, while the 
SNSM specimen increased by just 29%.

•	 The suggested hybrid NSM approach was effective in 
BSNG3-8, increasing load-carrying capacity by 79%. 
In contrast, raising the NSM bars to four in BSNG4-8 
resulted in excessive stress overlapping and prema-
ture debonding, providing only a 71% increase.

•	 The strengthened beams developed finer, more 
closely spaced cracks than the reference beam. The 
GFRP BNSM specimens failed owing to premature 
debonding. In contrast, the GFRP SNSM and steel 
specimens showed a more ductile failure and failed 
due to crushing of concrete after the yielding of main 
steel. Concrete crushing caused failure in BSNG3-8, 
whereas in BSNG4-8 it was due to concrete cover 
separation.

•	 All strengthened beams had lower mid-span deflec-
tion and DI than the reference beam. SNSM is more 
efficient for DI than BNSM, and steel bars out-
perform GFRP bars. DI decreased with increasing 
amount of strengthening reinforcement, except for 
BSNG3-8, which outperformed all other beams in 
this study.

•	 Except for BSNG3-8, all specimens showed a reduc-
tion in energy absorption capability.

•	 Ultimate load capacities were evaluated analytically, 
and the experimental-to-predicted analytical result 
ratio varies from 0.84 to 1.01%.

•	 It is recommended to conduct finite element simula-
tions to validate experimental results and apply mod-
els to study additional parameters.

•	 Additional research is needed to examine the flexural 
behavior of strengthened beams under sustained and 
fatigue loading, considering the influence of previous 
cracking.
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