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Abstract

The field of structural engineering was focused on the growth of the latest technologies, materials, and techniques that promoted 

sustainability, and the use of Carbon Fiber Reinforced Polymer (CFRP) as well as geopolymer was a prime example of this effort. Several 

investigations and developments in composite materials have generated a wide range of materials that could be used to enhance 

the strength and durability of structures. This study introduces a novel approach to shear strengthening of reinforced concrete (RC) 

beams by utilizing Near Surface Mounted (NSM) CFRP ropes in combination with steel-reinforced geopolymer in the compressive zone. 

The investigation aims to assess the effectiveness of these advanced composite materials in enhancing the structural performance 

of RC beams, as opposed to conventional steel rebar. Three specimens were subjected to three-point bending tests, demonstrating 

that the NSM-CFRP ropes, paired with steel-reinforced geopolymer, significantly increased load-carrying capacity. Additionally, the 

results indicated substantial improvements in ductility and energy absorption. This research contributes to the field by providing 

a sustainable and efficient alternative to traditional strengthening techniques, supported by a comprehensive assessment of both 

experimental and numerical findings.
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1 Introduction
According to preliminary studies, structural defects are com-
monly found in existing buildings during assessments and 
inspections, particularly in older constructions that do not 
meet current design standards [1–4]. Although strength was 
traditionally prioritized in structural design, ductility is now 
recognized worldwide as essential for structural performance 
against earthquakes, as reflected in seismic design provisions 
and standards [5]. Earthquakes in Indonesia have caused 
widespread damage over the past few decades, highlighting 
the need to reduce the vulnerability of buildings to seismic 
activity [6]. Therefore, it is essential to work on the devel-
opment of methods that are both effective and economical 
for the purpose of strengthening and rehabilitating structures.

Continuous investigation and development of strength-
ening methods are crucial for maintaining and poten-
tially increasing the structural arrangement of existing 

buildings while also providing better environments for 
occupants [7–10]. One traditional rehabilitation method 
for reinforced concrete (RC) beams with poor detailing or 
damage involves applying steel or concrete jackets around 
the structural components [11–13]. However, such meth-
ods increase the dead load and pose the risk of corrosion 
development in the case of steel jackets.

In modern times, it is recommended to use environmen-
tally friendly materials for repairing RC structures, and 
many research projects investigated the use of these mate-
rials [14–16]. The bond behavior of these materials is found 
to be satisfactory, enhancing the strength and durability of 
the repaired RC elements. In order for RC elements to be 
repaired effectively, it is crucial that the applied materi-
als are compatible with the concrete substance in terms of 
bonding [17]. Ahmad Zailani et al. [18] previously studied 
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the bond strength between a geopolymer matrix composed 
of fly ash and a concrete surface. The findings revealed that 
the repair material had a higher density and fewer pores. 
Additionally, the researchers discovered that the mechani-
cal and bond strength can be improved by using a geopoly-
mer with high calcium content. 

Geopolymer is an innovative and sustainable cementi-
tious material that has generated significant interest in the 
building industry. It is created through polymerization, an 
exothermic process that combines naturally available sil-
ica (SiO) with alumina (Al2O3) in an alkaline solution to 
create an amorphous material with exceptional structural 
strength. An alkaline component activates the process, and 
polymerization occurs under alkaline conditions to create 
polymeric SiO-Al-O bonds. Due to its excellent workabil-
ity, chemical compatibility, and thixotropic performance, 
geopolymer has been identified as a useful material for 
rehabilitation purposes [19]. Pacheco-Torgal et al. [20] 
have provided a review of the possible applications of geo-
polymers for concrete structures rehabilitation.

Meanwhile, in recent decades, the materials of fiber-re-
inforced polymer (FRP) have made significant progress 
in the field of structural strengthening and rehabilitation. 
FRP composites are now considered a practical alternative 
to conventional techniques because they can be used with 
various materials such as concrete [21–29], steel [30, 31], 
wood [32, 33], and masonry [34, 35], to enhance the struc-
tural elements' performance. These composites are created 
by combining diverse materials to improve their capabili-
ties and overcome their limits. The reinforcement, usually 
composed of fibers, impart the required strength and stiff-
ness to the composite material. Moreover, the fibers are 
surrounded by a polymer matrix, that enables the trans-
mission of stresses and strains between the reinforcement 
and the support by in-plane shear as well as prevents the 
fibers to be spoiling.

Composite materials offer numerous advantages over 
traditional methods for strengthening and rehabilitat-
ing structures. These benefits include being lightweight, 
highly durable, and possessing impressive anti-corrosion 
properties [36]. Additionally, FRP materials offer unique 
mechanical properties that enable discrete as well as mini-
mally intrusive strengthening and repair treatments toward 
structural elements. This is particularly important for his-
torical, ancient, or architecturally important buildings 
where the structural elements cannot be easily replaced 
or rebuilt. The ability to incorporate FRP-based solutions 

into the original design of a building without impacting 
its aesthetic appeal allows for the seamless integration of 
architectural and structural requirements. 

This study aims to examine the effectiveness of using 
a novel and flexible FRP material called Carbon-FRP 
(CFRP) ropes as a shear-strengthening system for rect-
angular RC beams. CFRP ropes are constructed using 
flexible unidirectional carbon fibers and have a lower 
unit price than CFRP strips. The study also compared 
the effectiveness of using CFRP ropes with steel bars as 
Near Surface Mounted (NSM) systems for shear strength-
ening. Additionally, the compressive zone of the beams, 
as illustrated in during earthquakes is important, and the 
usefulness of steel-reinforced geopolymer to enhance the 
flexural strength of the specimens within the compressive 
zone is also investigated. Fig. 1 illustrates the application 
of the strengthening method in both the real structure and 

(a)

(b)

Fig. 1 The application of the strengthening method: (a) Real structure, 
(b) Experimental test
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the experiment. Finally, a numerical model was developed 
to predict the ultimate load of the beams. The literature 
related to the utilization of NSM-CFRP ropes for shear 
strengthening of RC beams is limited, making this study a 
valuable contribution to the field.

2 Experimental program
2.1 Material
The geopolymer concrete was made from coarse aggregate, 
river sand, alkaline activators, and fly ash (FA) as indus-
trial waste product. The mix proportion used is shown in 
Table 1. The alkaline activator (AA) used in the experiment 
was a mixture of 12 M sodium hydroxide (NaOH) solution 
and sodium silicate ( Na2SiO3 ) in a ratio of Na2SiO3 / NaOH 
solution of 2.5. NaOH dissolves aluminosilicate while 
Na2SiO3 acts as a binder, plasticizer, or dispersion in the 
presence of NaOH [37]. The adopted AA to FA ratio is 0.54. 
Ready-mixed normal-strength concrete was obtained from 
a local supplier, PT Sambas Wijaya Beton Concrete mixing 
plant. Three standard cylinders (∅150 mm × 300 mm) were 
used to determine the compressive strength of both geo-
polymer and normal concrete, following the ASTM C39/
C39M-14 [38] standard. The results obtained were 27 MPa 
and 28 MPa, respectively. 

The steel cages of all RC beam specimens were con-
structed using steel bars of three different diameters: 
6 mm, 13 mm, and 19 mm. The longitudinal reinforce-
ment of the RC beams was made up of deformed bars with 
diameters of 19 mm and 13 mm, while plain bars with a 
diameter of 6 mm were used as stirrups. Table 2 displays 
the ultimate and yield tensile strengths of both the longitu-
dinal and transverse reinforcement.

The physical and mechanical properties of NSM-CFRP 
ropes and the adhesive are displayed in Tables 3 [39] and 4 
[40], respectively. One specimen was treated with flexible 
NSM-CFRP ropes (SikaWrap® FX-50C) made by SIKA. 
The CFRP rope comprised a set of unidirectional carbon 
fibers bundled together and encased in a plastic envelope, 
which produced a new type of flexible NSM-CFRP mate-
rial. To install the ropes, a groove was made in the sig-
nificant range of the specimen, and Sika brand adhesive 
(Sikadur®-752) was used, with all properties supplied by 
the manufactory. The highest tensile load that the ropes 
could withstand before failure was determined to be 164 kN 
based on the total area of the FX ropes, which was 78 mm2.

2.2 Beams specimens
In this study, a total of three rectangular RC beams were 
produced and examined. All RC beam specimens were 
constructed using ordinary ready-mix normal-strength 
concrete with a designed compressive strength of 25 MPa 
and had dimensions of 150 mm (width) × 330 mm (thick-
ness) × 2500 mm (length). Among the three specimens, 
one was left un-strengthened as a control. The other 

Table 1 Mix the proportion of geopolymer

Raw materials Composition

Aggregate: Binder (FA+AA) 70%:30%

Coarse aggregate: Fine aggregate 60%:40%

FA:AA 65%:35%

Na2SiO3:NaOH (12 M) 2.5:1.0

Extra water 11.70% × Binder (FA+AA)

Extra cement 5.63% × Binder (FA+AA)

Superplasticizer 2.00% × FA

Table 2 Mechanical properties of steel reinforcement

Bar diameter (mm) Yield strength (MPa) Ultimate strength (MPa)

19 473 633

13 334 461

6 328 439

Table 3 Physical and mechanical properties of CFRP rope

Fiber type NSM-CFRP

Weight ≥50 g/m (carbon fiber content)

Fiber cross-section ≥28 mm2 (based on carbon fiber)

Fiber density 1.82 g/cm2

Dry fiber properties in the longitudinal direction of the fibers

Tensile modulus, minimum 2.4 × 105 MPa

Tensile strength, minimum 4000 MPa

Strain at break ≥0.016

Composite properties according to ASTM D4018-17 [39]

Tensile modulus 2.3 × 105 MPa

Tensile strength 2000 MPa

Composite cross-section 64.526 mm2

Table 4 Properties of SIKA epoxy adhesive (Sikadur®-752)

Information Description

Color Yellowish

Packaging 5 kg set

Density 1.08 kg/L

7 days compressive strength [40] 50–60 MPa

28 days compressive strength [40] 54–64 MPa

Modulus of elasticity in compression 1060 MPa

Tensile adhesion strength to concrete [40] 2 MPa

Tensile adhesion strength to steel [40] 9 MPa

Coefficient of thermal expansion 89 × 10−6 per °C
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two were strengthened in shear with different materials, 
including NSM-steel bars and NSM-CFRP ropes, along 
with steel-reinforced geopolymer flexural strengthening, 
as shown in Fig. 2.

All the RC beam specimens were produced together 
using the same concrete mixture and then subjected 
to three-point bending tests until failure at the struc-
tures laboratory of Jenderal Soedirman University 
(UNSOED), Indonesia. The longitudinal reinforcement of 
the beams comprised two 13 mm diameter bottom bars 
and three 19 mm diameter top bars. Meanwhile, the shear 

reinforcement consisted of ∅6 mm stirrups with a spacing 
of 250 mm center to center. In the specimen IDs shown 
in Table 5, the second letter "N" and "G" indicate normal 
and geopolymer concrete, respectively. The third letter, 
"S" and "C", represent the two different types of materials 
(steel and CFRP) used for shear strengthening.

2.3 Testing setup
RC beams were arranged in a top-down position with a clear 
span of 2.2 m. A three-point bending system was employed 
to ensure that maximum bending and shear stress occurred 

Table 5 Specimen details

Specimen ID
Longitudinal reinforcement

Transverse reinforcement
Strengthening

Top Bottom Flexure Shear

BN 3D19 2D13 ∅6–250 – –

BGS 3D19 2D13 ∅6–250 Geopolymer NSM-steel bars

BGC 3D19 2D13 ∅6–250 Geopolymer NSM-CFRP ropes

(a)

(b)

(c)
Fig. 2 Dimensions of beam specimens (unit: mm): (a) Specimen BN, (b) Specimen BGS, (c) Specimen BGC
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simultaneously at midspan, generating a compressive zone 
in the steel-reinforced geopolymer layer, as illustrated in 
Fig. 3. A hydraulic jack, with a load capacity of 500 kN, 
applied a vertical static load. This load was transferred to a 
rigid steel block connected to a steel rod fixed at the load-
ing point. The beams were secured at both ends using steel 
plates and bolts to prevent any vertical translation while 
allowing horizontal movement to simulate simply sup-
ported conditions. To measure the vertical and horizontal 
displacements, four linear variable differential transformers 
(LVDTs) with an accuracy of ±0.01 mm were positioned as 
follows: two LVDTs were placed at midspan, one on each 
side of the beam to measure vertical displacement, and the 
other two were positioned at the quarter span on the left 
support to measure horizontal displacement. The load was 
incrementally increased at a controlled rate of 120 kN/s to 
avoid dynamic effects [41]. Cracks were visually monitored 
and marked on the side surfaces of the beams until failure 
occurred. A high-precision data logger was used to continu-
ously record the load and displacement values.

3 Test results and discussion
3.1 Load-displacement responses
Fig. 4 displays the load-displacement curves for the con-
trol beam and the beams strengthened in shear with 
NSM-steel bars and NSM-CFRP ropes, both incorporat-
ing steel-reinforced geopolymer in the compression zone. 
Fig. 5 summarizes the crack, yield, and ultimate loads of 
all beam specimens. The strengthened beams exhibited 
significantly higher load capacity and displacement than 
the control beam. The combination of geopolymer con-
crete, steel bars, and CFRP ropes in the strengthening 

system improved the mechanical performance, allow-
ing for the exploitation of steel bars in the post-yield-
ing stage, thereby leading to higher load capacity. These 
results confirm those reported in previous studies [42, 43]. 
The load-displacement behaviors of the strengthened 
beams were nearly identical, indicating the similar signif-
icance of the two strengthening techniques.

The load-displacement curves of the beams exhibit a 
three-linear response that can be divided into three stages: 
elastic state, concrete cracking to steel yielding, and steel 
yielding to ultimate failure. All beams displayed linear 
and elastic behavior during the first stage due to excel-
lent bonding between the materials before crack initia-
tion. The second stage is characterized by the formation of 
cracks in the concrete section at the midpoint of the beams. 
The first cracking load for BGS and BGC was 28.91% and 
50.87% higher, respectively, compared to the un-strength-
ened specimen. The flexural steel bars were theoretically 
yielded at about 75% of the ultimate load or 95.90 kN, 
139.95 kN, and 147.34 kN for BN, BGS, and BGC speci-
mens, respectively. In the third stage, the steel bars yield, 
and the strengthening materials held the crack width 
until beam failure. Specimens BGS and BGC showed an 
improvement of 45.78% and 53.49%, respectively, in the 
ultimate load compared to the control beam (BN).

3.2 Failure modes
Fig. 6 demonstrates the failure modes of the control beam 
and the beams strengthened in shear with different mate-
rials (NSM-steel bars and NSM-CFRP ropes) in combi-
nation with steel-reinforced geopolymer in the compres-
sion zone. The first cracking occurred close to the loading 

Fig. 3 Test setup (unit: mm): 1 – RC beams specimen, 2 – Vertical LVDTs, 3 – Horizontal LVDTs, 4 – Steel plate, 5 – Load cell, 6 – Steel block, 
7 – Steel rod, 8 – Left support, 9 – Right support, 10 – Strong floor, 11 – Hydraulic jack, 12 – Data logger
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point in the control beam and mid-span in the strengthened 
beams, at loads of 38.38 kN, 49.48 kN, and 57.90 kN for 
BN, BGS, and BGC, respectively. Vertical cracks started 
to appear in the shear span as the load got higher, and 
these cracks eventually grew into critical diagonal ones 

that spread toward the loading points. The NSM-steel bars 
and NSM-CFRP ropes effectively hindered the develop-
ment of shear cracks. The first crack in the strengthened 
beams, on the other hand, quickly expanded and spread 
through the compressive zone at the beam's top.

Fig. 4 Load-displacement curves of tested beams Fig. 5 Load summary of tested beams

(a)

(b)

(c)
Fig. 6 Failure mode of control beam and strengthened beams: (a) Specimen BN, (b) Specimen BGS, (c) Specimen BGC
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All specimens exhibited primary failure modes during 
the ultimate limit state test that were brought on by 
shear-tension (diagonal-tension) failure. After shear-ten-
sion cracks degraded the structures, two secondary fail-
ure types were found, which expedited the rupture of the 
beams. Shear-compression failure was the first second-
ary failure type, which developed from the crushing of 
concrete under the loading points caused by shear cracks 
across the prisms and limiting the shear-compression zone 
of the beams. This failure mode was predominantly dis-
covered in strengthened beams. The second type, also 
observed in the strengthened beams, was flexural failure. 
The NSM-steel bars and NSM-CFRP ropes effectively 
suppressed the propagation of shear cracks.

As indicated in Fig. 6, splitting cracks between the 
existing concrete and geopolymer were discovered in the 
beam strengthened with NSM-steel bars (BGS). In con-
trast, similar cracks were not found in the NSM-CFRP 
rope-strengthened beam (BGC). By efficiently prevent-
ing the spread of shear cracks, NSM-steel bars and NSM-
CFRP ropes greatly increased the ultimate strength of the 
strengthened beams (186.69 kN and 196.56 kN) in com-
parison to the control beam (128.06 kN).

3.3 Ductility performance
Ductility is the ability of RC beams to experience deforma-
tion exceeding the elastic limit while retaining an adequate 
load-carrying capacity until complete failure according to 
Pam et al. [44]. To guarantee the anticipated failure of the 
structural element, ductility is an essential design param-
eter that must be established [45]. The ratio between the 
displacements at peak load (δmax) and the theoretical yield 
point of ( δy ) was used to quantitatively define the ductil-
ity. In this study, the yield point was determined using 
the equivalent elastoplastic system (bilinear approxima-
tion method), which involves identifying the point where 
the load-displacement curve deviates from linearity [46]. 
Table 6 displays the ductility indices of the examined spec-
imens. The outcomes demonstrated that, depending on the 
material employed, the NSM approach enhanced the duc-
tility of RC beams. The strengthened beams, in particu-
lar, demonstrated a considerable improvement in ductility, 

with a ratio of 2.61 and 2.19 for BGS and BGC, respec-
tively, compared to the control beam. The improved duc-
tile behavior of the strengthened beams can be attributed 
to the practical control of shear cracks by NSM-steel bars 
as well as NSM-CFRP ropes.

3.4 Stiffness
The stiffness values exhibited by test specimens can pro-
vide insight into the influence of strengthening materials. 
The stiffness values were computed in this study by deter-
mining the slopes of the lines connected to the load asso-
ciated with the theoretical yield point. The use of NSM-
steel bars and NSM-CFRP ropes for shear strengthening, 
along with the addition of steel-reinforced geopolymer in 
the compression zone, may not only have a positive impact 
on the RC beam in terms of increased strength and ductility, 
but may also play a role in reducing its stiffness, according 
to an analysis of the stiffness values. Table 7 shows the stiff-
ness values for each specimen, indicating that the NSM-
steel bars and NSM-CFRP ropes had opposing impacts on 
the stiffness of the strengthened beams. The NSM-steel bars 
approach, for example, generated a less favorable result in 
specimen BGS, moderately lowering stiffness by at least 
29.88%. Similarly, specimen BGC strengthened with 
NSM-CFRP ropes exhibited a marginal stiffness reduction 
of 20.12% compared to the control beam. The lower stiff-
ness values of the strengthened beams may be attributed to 
a higher degree of cracking, which is considered the most 
important factor affecting its stiffness.

3.5 Energy absorption capacity
The capacity of composites as repair material to absorb 
energy is of great importance, especially for struc-
tures that are exposed to dynamic loads, such as seis-
mic, impact, or blast. The strengthening materials uti-
lized in this study are well-suited for such applications. 
The capacity to absorb energy is closely related to the 
toughness of the material and its deflection-hardening 
behavior [47]. This was evaluated by calculating the area 
under the load-deflection curve. Fig. 7 indicates that the 
beams strengthened by NSM-steel bars and NSM-CFRP 
ropes had superior energy absorption capacity compared 

Table 6 Ductility indices of tested beams

Specimen ID δy (mm) δmax (mm) Ductility index, δmax / δy

BN 4.99 8.96 2.95

BGS 10.38 79.95 7.70

BGC 9.60 60.54 6.46

Table 7 Stiffness of tested beams

Specimen ID δy (mm) Pu (kN) Stiffness, Pu / δy (kN/mm)

BN 4.99 128.06 25.64

BGS 10.38 186.69 17.98

BGC 9.60 196.56 20.48
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to the un-strengthened beam. For example, BGS was 
capable of absorbing energy up to 12704 kN-mm, pre-
sumed to be more than eight times greater than the con-
trol specimen. Similarly, using NSM-CFRP ropes (BGC) 
resulted in an approximately seven times increase in the 
absorption capacity at an energy level of 10629 kN-mm. 
The enhanced ability of the strengthened beams to absorb 
energy is primarily due to the excellent toughening effect 
of the strengthening materials.

4 Numerical approach
4.1 Model geometry
In order to accurately simulate the behavior of the tested 
beams, it was necessary to use plane elements to model 
the concrete and geopolymer. For this purpose, eight-node 
quadrilateral isoparametric Gauss integration solid ele-
ments (CQ16M) were utilized, with each node having two 
degrees of freedom in translational displacement variables 
along the X and Y directions. The longitudinal steel rein-
forcements, transverse shear stirrups, and CFRP ropes 
were modeled using automatically embedded reinforce-
ment types and bars that could be embedded into all kinds 
of structural elements. This embedding concept means 
that reinforcement elements can automatically enter and 
couple with any surrounding mother elements without 
requiring the manual establishment of bond interface 
elements, thereby contributing to stiffness only through 
embedded reinforcement and mother elements. In order to 
avoid stress concentration during testing, steel plates with 
a thickness of 25 mm and the same width as the web of the 
beams were installed at the loading point and end support. 
These plates were simulated using CQ16M elements.

According to Zheng et al. [48], a numerical convergence 
study revealed that reducing the mesh size in the finite ele-
ment analysis (FEA) had little impact on the numerical 
result but significantly increased the computation time. 
Therefore, to achieve the highest computational efficiency 
and reduce the run period, the largest global size of the ele-
ments used in the FEA was set to 25 mm. It is worth noting 
that all meshes were automatically generated by DIANA. 
Since the test conditions of the beams were symmetri-
cal, its geometry was modeled with only half of its span 
in 2D plane-stress analysis, as shown in Fig. 8. In order 
to obtain the behavior of the specimens in the complete 
loading range, a displacement-controlled loading process 
was selected in the FEA. The vertical displacement was 
applied to the loading point using a rigid steel plate to pre-
vent the occurrence of stress concentration.

4.2 Material models
The stress-strain constitutive relationship model of the 
materials is depicted in Fig. 9, where steel and CFRP are 
subject to axial strains and stresses via uniaxial consti-
tutive laws. However, because concrete is heterogeneous, 
applying an evenly distributed external load to it may 
cause uneven internal stress and deformation distribu-
tion. As the external load increases, the material becomes 
weaker due to the progressive collapse of internal bonding 
between the mortar and aggregate caused by unevenly dis-
tributed internal strength and initial internal stress.

There are three different phases to the compressive 
stress-strain curve of plain concrete, each having its own 

Fig. 7 Energy absorption capacity of tested beams

(a)

(b)

Fig. 8 Numerical model of beams: (a) Control beam, 
(b) Strengthened beam
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unique features. Concrete behaves linearly elastically at 
the first stage, which comprises 0% to 30% of the peak 
stress, and fracture growth is low. However, some preex-
isting bond cracks may already be present due to factors 
such as cement paste volume changes during hydration or 
drying shrinkage. In the second stage, which lasts from 
70% to 90% of the peak stress, mortar cracks join neigh-
boring bond cracks and new bond cracks start to emerge. 
In the third stage, the load is decreased to stop the uncon-
trolled spread of cracks as the stress level rises, the cracks 
continue to merge, and their growth becomes unstable.

The crack growth that occurs before the peak load 
is considered stable and only takes place when the load 
is increased. When a material or structure is subjected 
to a continual rise in deformation, it gradually loses its 

mechanical resistance, which is referred to as softening. 
As a result, softening starts happening in concrete during 
the post-peak lowering of mechanical resistance [49]. 
In order to accurately represent the physical behavior 
described in the preceding section, DIANA provides a 
number of concrete compression models. The parabolic 
compression curve is one such model, which is made up of 
four functions that change depending on the strain level. 
The curve follows the elastic modulus Ec in a straight line 
until it reaches one-third of the strain at maximum com-
pressive strength ( fc ).

That is, for αc/3 < αj ≤ 0:
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When αj ≤ αu the function is either zero or a slight resid-
ual strength defined by the user, as displayed in Fig. 9 (a). 
The strain values are calculated using Eq. (4). As depicted 
in Fig. 9 (b), two variables influence the softening phase of 
the curve: the fracture energy, G, and the typical element 
length, h. 
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4.3 Model validation
Fig. 10 and Table 8 show the comparison between the 
experimental and numerical results. The finite element 
analysis (FEA) accurately predicted the load-displace-
ment responses of the test beams at mid-span and loading 
point sections during different loading stages. The aver-
age value of the numerical loads ( Pu-num ) was 1.03, and the 
Normalized Mean Square Error (NMSE), as per Poli and 
Cirillo [50], was 3.55% when compared to the correspond-
ing experimental loads ( Pu-ex ). In addition, the predicted 
maximum displacement ( δmax-num ) had an average value 
and NMSE of 1.03 and 0.0001, respectively, compared 

(a)

(b)

(c)
Fig. 9 Constitutive relationship model of the materials: (a) Steel 

reinforcement and CFRP, (b) Parabolic compression curve of 
concrete, (c) Tension softening curve of concrete
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to the test results ( δmax-ex ). The numerical results demon-
strate that the FEA is capable of accurately predicting the 
load-displacement behavior of the beams strengthened in 
shear using NSM-steel bars and NSM-CFRP ropes, with 
the inclusion of steel-reinforced geopolymer in the com-
pression zone. As a result, the numerical model functions 
as a dependable tool for making predictions, providing 
guidance for future design and experimental endeavors in 
the area of strengthening RC beams.

In addition, the FEA provided predicted results for 
certain parameters that could not be directly measured 
in the experiments, including the tensile equivalent plas-
tic strains. Fig. 11 shows the comparison between the 
predicted and experimental tensile equivalent plastic 
strains for all the tested beams. The dimensions of ten-
sile equivalent strains observed in the FEA are consistent 
with the concrete crack propagation observed in tested 
beams. The BGS and BGC strengthened beams demon-
strated the highest tensile equivalent plastic strain in 
the tensile zone, which is situated between one-quarter 
and one-third of the total length. This finding suggests 
that the most significant flexural concrete crack occurs 
in this location because of stress concentration driven 
by the shift in cross-section. This phenomenon was also 
observed during the testing procedure.

5 Conclusions
This study investigated the behavior of RC beams strength-
ened in shear using the NSM technique, with the inclusion 
of steel-reinforced geopolymer in the compression zone. 
Three specimens were tested: two strengthened and one 
reference. The key parameters studied were NSM-steel 
bars and NSM-CFRP ropes. Based on a combination of 
experimental and numerical analyses, the significant find-
ings are summarized as follows:

Table 8 Experimental and numerical results of the tested specimens

Specimen 
ID

Ultimate load 
(kN) Pu-num / 

Pu-ex

Maximum 
displacement 

(mm)
δmax-num / 
δmax-ex

Pu-ex Pu-num δmax-ex δmax-num

BN 128.06 138.05 1.08 14.71 15.31 1.04

BGS 186.69 184.61 0.99 79.96 80.99 1.01

BGC 196.56 201.53 1.03 60.54 62.12 1.03

Average 1.03 1.03

NMSE 0.0014 0.0001

(a)

(b)

(c)

Fig. 10 Comparison between the experimental and numerical results: 
(a) Specimen BN, (b) Specimen BGS, (c) Specimen BGC
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• The load-carrying capacity of the specimens 
strengthened with NSM-steel bars and NSM-CFRP 
ropes increased by factors of 1.46 and 1.53, respec-
tively, compared to the reference specimen.

• The application of NSM-steel bars and NSM-CFRP 
ropes as shear strengthening techniques effectively 
delayed and prevented the propagation of shear 
cracks, resulting in enhanced capacity, ductility, and 
a significant increase in maximum deflection com-
pared to the control beam.

• The strengthening method employed had a dual 
effect on the specimens: while it increased strength 
and ductility, it also reduced stiffness by approxi-
mately 30%.

• The beams strengthened with NSM-steel bars and 
NSM-CFRP ropes exhibited superior energy absorp-
tion performance compared to the control beam.

• The FEA results showed good agreement with the 
experimental data, demonstrating that the devel-
oped numerical model can accurately simulate the 
response of the tested specimens. This validates the 
numerical model as a reliable predictive tool, guid-
ing future design and experimental efforts in the 
field of RC beam strengthening.
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